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Water pollution is one of the most pressing issues affecting society, consequently 
using titanium dioxide (TiO2) as a photocatalyst for the treatment of polluted water 
has attracted immense attention over past decades. However, low photocatalytic 
performance as a result of the fast recombination of photogenerated electron-hole 
pairs, few active sites and poor light utilization has restrained its real application. This 
thesis reports the synthesis of various novel TiO2 photocatalysts with high 
crystallinity and tailored nanostructures obtained by sol-gel chemistry, templating, 
self-assembly, solvothermal treatment and calcination. 
Mixed-phased hierarchically porous TiO2 networks (PTN) were prepared through sol-
gel chemistry and a templating technique, followed by calcination. The PTN materials 
possessed reduced contact areas between TiO2 nanocrystals, significantly retarding 
the anatase to rutile transformation and rutile crystal growth. Compared to control 
samples prepared without the template, hierarchical PTN materials showed enhanced 
photocatalytic activity towards the degradation of methylene blue (MB) under UV 
light illumination. The material calcined at 600 °C for 6 h contained 15.4 % rutile and 
had a specific surface area of 32.2 m2 g-1, giving the highest photocatalytic activity. 
This enhancement was attributed to optimal rutile content and increased active sites 
resulting from the high surface area. 
Micrometer-size, monodisperse amorphous TiO2 spheres with controllable sizes were 
fabricated through a sol-gel process. The monodispersity, spherical shape and size 
were tuned by varying experimental parameters including the amount of structure-
directing hexadecylamine, salt species and concentration, water amount and reaction 
temperature. The diameter of the spheres was determined by a competitive process 
between the solubility of Ti oligomers and the hydrolysis rate of titanium 
isopropoxide, the TiO2 precursor. Spheres with diameters up to 5.39 ± 0.68 m were 
achieved.  
The amorphous TiO2 spheres were readily converted by a solvothermal treatment and 
calcination process to anatase TiO2 spheres with three fascinating morphologies: 
‘fluffy’ core/shell, yolk/shell and hollow nanostructures. Direct evidence was found 
that a surface seeding and subsequent inwards hollowing through an Ostwald ripening 
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process lead to the formation of diverse nanostructures. The hollow microsphere 
calcined at 650 °C displayed a higher degradation MB rate than the benchmark, 
commercial Degussa (Evonik) P25. The superior photocatalytic activity of the anatase 
hollow structures resulted from the unique hollow structure, hierarchically porous 
shell and high crystallinity. 
The amorphous TiO2 spheres were also readily converted by a solvothermal process 
to pure anatase TiO2 with high thermal stability. The resultant microspheres were 
composed of well-crystallized anatase nanocrystals with a uniform size of 24 nm and 
a 77 nm pore after calcination at 900 C. The superior thermal stability was primarily 
attributed to increased Ti-O-Ti bond strength and narrow crystal size distribution. 
Microspheres calcined at 800 or 900 C displayed higher photocatalytic performance 
than P25 treated at the same temperatures. The excellent performance of the 
microspheres was attributed to the retention of anatase phase, presence of large pores, 
high crystallinity and high surface area. 
Overall, TiO2 photocatalyst nanostructures were fabricated by sol-gel chemistry, 
templating, self-assembly, solvothermal and calcination processes, and exhibited UV 
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Chapter 1. Introduction 
1.1 The Global Water Issue  
With increasing global population growth and urbanization, environmental pollution, 
such as contaminated water, has emerged as one of the most pressing issues affecting 
the sustainable development of society. Water becomes polluted from toxic 
substances that are discharged from household sewage, livestock waste, agricultural 
pesticides and fertilizers and industrial waste. Every day, two million tons of sewage 
from human activities are released into the world’s water.1 These pollutants come in 
the forms of organic, inorganic, and sometimes even radioactive waste. Clean 
freshwater is an essential element for a healthy human life, but it is limited on Earth. 
Up to 1.1 billion people cannot access sufficient water. In addition, 2.5 billion have no 
adequate sanitation and 70% of these people live in Asia.2 People who drinking 
polluted water are subject to waterborne diseases and a myriad of health concerns. 
Waterborne disease is the world leading killer of children under 5 years old. More 
people die from contaminated and polluted water annually than from all forms of 
violence including war.3 Each year there are approximately 4 billion cases of 
diarrhoea caused by unsafe water around the world, resulting in 2.2 million deaths. A 
large number of people with health problems caused by polluted water are from 
developing countries, such as Bangladesh, China, India and Vietnam. In India alone, 
half a million children die each year from diarrhoea caused by polluted water.4 Nearly 
70 million people living in Bangladesh are either directly or indirectly exposed to 
groundwater contaminated with arsenic beyond the recommended limits (10 µg/L) of 
the World Health Organization (WHO).5 In China, more than 26 million people suffer 
from dental fluorosis as a result of elevated fluoride in their daily drinking water. 
1.2 Water Treatment Techniques 
To ensure that water quality is suitable for its end use, treatments are applied to 
polluted water to either remove the majority of contaminants or reduce them to safe 
levels. Different water treatment processes are employed for a range of purposes, such 
as human consumption, agriculture, industry and recreation. In general, the 
technologies conventionally used include physical processes such as heat treatment, 
sedimentation or distillation; chemical processes such as chlorination or coagulation, 
and; biological processes including aerated lagoons or activated sludge.6 In real 
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applications worldwide, combinations of approaches are employed for water 
treatment. 
However, conventional wastewater treatment technologies cannot meet the demand 
for the purification of polluted water due to both the increasing levels and complexity 
of pollutant effluents.7 Recently, a range of advanced chemical processes termed 
advanced oxidation technology (AOT) have been developed to treat polluted water 
through degrading a variety of biological contaminants and organic pollutants. 
Although different processes utilize various reaction mechanisms, all are 
characterized by the production of highly oxidative hydroxyl (•OH) radicals. •OH 
radicals are known as extraordinarily reactive species, usually attacking most organic 
molecules with high rate constants of 106-109 M-1s-1.8 In addition, chain reactions can 
be triggered by the produced radicals under suitable conditions. Therefore, a non-
selective high reaction rate and potential chain reaction of •OH radicals give AOT 
processes a much more powerful oxidation capacity than conventional chemical 
oxidation methods. 




2+(Fe3+)/UV (photo-assisted Fetton), TiO2/hv/O2 
(photocatalysis) and ozone chemistry. Amongst them, semiconductor TiO2 
photocatalysis has received increasing attention,9-12 because it is a promising 
environmentally friendly technology to reduce or eliminate hazardous substances. 
TiO2 photocatalysts have been widely studied with the aim to clean up pollution since 
the 1970s.13 However, practical technology was not developed until the late 1990s. 
For example, as shown in Figure 1, a pilot plant was installed in a factory in 
Wolfsburg, Germany during the summer of 1998 for the solar photocatalytic 
treatment of biologically pre-treated industrial wastewater.14 In addition, Japanese 
scientists have constructed practical systems using TiO2 photocatalysts for the 
purification of wastewater from agriculture and soils polluted by volatile organic 
compounds.13 One technology was developed to purify wastewater obtained from rice 
hull disinfection, which contains highly concentrated agricultural chemicals. The 
approach was straightforward with the wastewater being poured onto glass wool mats 
containing the photocatalyst, which were widely spread on the ground in open areas. 
After a few days of exposure to solar light, the chemicals in the wastewater were 
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completely decomposed. Another example is a water recycling system using a TiO2 
photocatalyst constructed in a hydroponic tomato culturing system. Organic 
contaminations in the wastewater caused by nutrient compounds were easily 
decomposed under solar light in a shallow container with an area of 4 m2 and a depth 
of 10 cm.  
 
Figure 1.1. A pilot plant for the solar photocatalytic treatment of a biologically pre-
treated wastewater. Reproduced with permission.14 Copyright 2014, Elsevier. 
The past few decades have seen many advances in the fabrication of diverse 
nanomaterials and exploration of novel applications. New physical and chemical 
properties of TiO2 emerge when particle size, crystal phase, crystallinity, composition, 
specific surface area, porosity and morphology are varied, giving rise to considerable 
improvements in the performance of the resultant TiO2 materials. 
1.3 Objectives and Thesis Outline 
TiO2 nanomaterials with complex morphologies exhibit unique properties that have 
led to their improved effectiveness in diverse applications. This thesis aims to prepare 
TiO2 materials with tailored nanostructures to enhance their performance in (photo-) 
catalysis. To meet this aim, three objectives were set for this thesis: 
1) To use a highly porous template to control the crystal phase composition 
(anatase/rutile) of a porous TiO2 network by sol-gel chemistry and templating. 
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2) To increase the size of amorphous TiO2 spheres, which are the precursor material 
to mesoporous TiO2 spheres, by changing the synthesis parameters (amount of 
surfactant, salt species and concentration, water amount and reaction temperature). 
3) To vary solvothermal conditions (solvent composition, solvothermal treatment time 
and reaction temperature) to control the morphology of the mesoporous TiO2 spheres 
including the pore diameter, surface area, crystallinity and structure evolution. 
A review of relevant literature in Chapter 2 gives the background for the research in 
this thesis. The significance of TiO2 research and TiO2 as a photocatalyst is 
highlighted. Then the structural properties of TiO2 nanomaterials, along with the 
thermodynamic stability of different crystal phases and the kinetics of the phase 
transformation are discussed. Research on the fabrication of porous TiO2 spheres, 
hollow TiO2 spheres and hierarchically porous TiO2 networks is summarised. Lastly, 
the application of highly crystalline porous TiO2 nanostructures in photocatalysis is 
described.  
Chapter 3 presents the synthesis and characterisation of mixed-phase hierarchically 
porous TiO2 networks with three-dimensional interconnected porous frameworks and 
tunable rutile content. These networks are applied as photocatalysts for the 
degradation of methylene blue (MB). This chapter appears as a publication by the 
thesis author and is presented in the published format.15  
In Chapter 4 the synthesis of micrometer-size, monodisperse precursor TiO2 spheres 
with controlled size is detailed. Crystallized mesoporous TiO2 spheres with varying 
pore sizes are obtained when the precursor spheres are solvothermally treated. The 
mesoporous TiO2 spheres are then loaded with Pd nanoparticles and their catalytic 
performance tested by monitoring the reaction of 4-nitrophenol in the presence of 
sodium borohydride. 
Surface seeding and subsequent inwards hollowing of TiO2 spheres through an 
Ostwald ripening process is demonstrated in Chapter 5 for the formation of diverse 
TiO2 nanostructures (spherical ‘fluffy’ core/shell, yolk/shell and hollow). The 
photocatalytic activity of these materials is tested, and the correlation between 
material properties and photocatalytic activity is discussed. This chapter appears as a 
publication by the thesis author and is presented in the published format.16 
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The fabrication of monodisperse dopant-free anatase TiO2 microspheres with high-
thermal stability and large pore size (approximately 80 nm) is described in Chapter 6. 
Possible reasons for the superior thermal stability of these microspheres are 
investigated and discussed. The photocatalytic activity of the TiO2 microspheres is 
evaluated by degradation of MB under UV illumination. 
Chapter 7 summarizes the key research findings and closes with an outlook for further 
research based on the findings from this thesis. 
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Chapter 2. Highly Crystalline Porous TiO2 Nanostructures: Synthesis and 
Photocatalytic Applications 
2.1 Introduction 
In 1972, Japanese chemists Fujishima Akira and Kenichi Honda reported the 
possibility of photocatalytically splitting H2O into H2 and O2 on a TiO2 electrode 
irradiated with ultraviolet (UV) light and reported this breakthrough in Nature.1 Since 
then, a tremendous research effort has been devoted to the study of TiO2 materials, 
particularly since the beginning of this century (Figure 2.1). This makes sense when 
one considers the distinguishing properties of TiO2 including its nontoxicity, excellent 
photo- and chemical stability, superior photocatalytic activity, as well as being 
abundant and low cost. Hence it has a myriad of applications from pigment, cosmetic, 
toothpaste, and paint to promising functional areas, such as photocatalysis, 
photovoltaics, lithium ion batteries and catalysis. These emerging functional 
applications of TiO2 mainly fall within the scope of energy and environment, two 
important and challenging themes facing humanity that need to be addressed urgently.  
 
Figure 2.1. The annual number of publications on TiO2 from 2000 to 2014. The data 
was collected based on the Web of Science database when a retrieval search for the 
topic "TiO2 or titanium dioxide or titania" was performed on 8 August 2015. 
2.1.1 TiO2 Materials as Photocatalysts 
7
Although a broad spectrum of semiconductors have been extensively investigated as 
photocatalysts, including traditional materials such as TiO2,
1 WO3,
2, 3 CdS,4 and 
SrTiO3
5 and recently reported novel materials like CoO,6 Ag3PO4,
7 C3N4,
8 and metal–
organic framework based materials,9, 10 TiO2 remains to date the most popular 
material due to its aforementioned unique properties and is widely considered as a 
benchmark in the domain of photocatalysis. The areas for application of TiO2 as a 
photocatalyst involve: 1) sterilization, e.g., anti-bacterial, anti-viral and fungicide, 2) 
self-cleaning surfaces, 3) deodorizing and air purification systems, 4) water treatment 
(organic decomposition), 5) anti-fogging highly hydrophilic materials, and 6) 
hydrogen generation. This thesis will mainly focus on the photocatalytic 
decomposition of organics for the remediation of polluted water. Degradation of 
organic dyes in aqueous solutions, such as methylene blue,11-13 rhodamine B,14-17 
methyl orange,18, 19 and sulforhodamine B,20 have been widely applied to assess liquid 
phase photocatalytic performance. 
The principle of the TiO2 semiconductor photocatalytic reaction is straightforward, 
and the photocatalytic progress can be represented by the following reactions: 
Excitation      TiO2+hνh
++e-    (1) 
Hole charge transfer       h++H2O•OH+H
+   (2) 
Electron charge transfer      e-+O2•O2
-+H2O•OH (3) 
Oxidation      •OH+O2+CxOyH(2x-2y+2)xCO2+(x-y+1)H2O (4) 
Recombination      TiO2
-+•OH+H+TiO2+ H2O  (5) 
In the photocatalytic reaction, organic waste is broken down into harmless substances 
in the presence of the TiO2 photocatalysts, an energetic light source (e. g., UV or 
visible light), and an oxidizing agent (e.g., oxygen or air).21 The photocatalyst itself 
remains unconsumed during the process. The first step in the heterogeneous 
photocatalysis of organic chemicals is the interaction of the semiconductor with light, 
which results in the creation of electron–hole pairs in the semiconductor particles. 
When a photon with an energy, hν, equal to or exceeding the band gap energy, ∆Ebg, 
of TiO2 is adsorbed, an electron (e
-) is excited and transfers from the valence band 
(VB) to the conduction band (CB), while a positive hole (h+) is left in the VB, thus 
creating active electron–hole (e-–h+) pairs (equation 1). The photogenerated positive 
holes migrate to the TiO2 surface and typically interact with adsorbed water molecules, 
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producing hydroxyl radicals (•OH) (equation 2). Meanwhile, excited electrons in the 
CB migrate to the surface and react with molecular oxygen to generate superoxide 
radical anions (O2
-), which oxidize water and form •OH (equation 3). Ultimately, the 
very oxidative •OH are generated in both reactions, giving rise to the decomposition 
of the organic pollutants adsorbed on the TiO2 surface (equation 4). However, another 
type of de-excitation process, in which the electron-hole pair undergoes 
recombination on the surface or inside the bulk of TiO2 competes with photocatalysis 
(equation 5) and can significantly decrease the overall efficiency of the photoinduced 
catalytic process.  
The photocatalytic activity of a semiconductor catalyst is principally dominated by the 
following three aspects: 1) the light absorption performance, 2) reduction and 
oxidation rates, and 3) the electron-hole recombination rate.22 Many factors can affect 
the photocatalytic activity of a catalyst, such as its crystallinity, surface area and 
crystal phase. As photocatalytic reactions take place on the surfaces of photocatalysts, 
a high surface area is favourable for photocatalytic reactions as it usually provides 
more reaction sites. However, high surface area materials usually also contain high 
quantities of crystal defects, which enhance the recombination of electrons and holes 
and render poor photoactivity. High crystallinity benefits the photocatalytic 
performance because it could decrease the recombination rate of the photogenerated 
charge carriers and increase the electron diffusion lengths and lifetimes. Improved 
crystallinity and fewer defects can be achieved by some heat treatment approaches 
(e.g., calcination or solvothermal treatment). However, in most cases, heat treatment 
results in decreased surface area. The relationship between physical properties and the 
photocatalytic performance of a material is very complicated, therefore, a balance in 
the material properties must be sought in order to optimise photocatalytic efficiency.  
Nanostructured TiO2 materials have been widely used in photocatalysis. Recently, the 
construction of TiO2 nanostructures with fascinating morphologies and unique 
properties has attracted attention. Consequently, versatile TiO2 nanostructures, such as 
nanorods, fibers (wires), tubes, sheets, spheres and interconnected architectures have 
been prepared. The structure of TiO2 materials can significantly affect properties and 
capabilities, including specific surface area, pore size, porosity, crystallinity, light 
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adsorption, reflectance and scattering, dispersion, adhesion, and charge carrier 
transportation properties, and most importantly photocatalytic performance. 
The aim of this literature review is to establish the background for the thesis research 
presented in Chapter 3 to 6. Research on the synthesis of TiO2 nanostructures and 
their application in photocatalysis is very broad. This chapter presents a brief 
introduction to the fabrication of porous TiO2 spheres, hollow TiO2 spheres and 
hierarchically porous TiO2 networks, and then the photocatalytic application of highly 
crystalline porous TiO2 nanostructures. Finally, a summary of the reviewed research 
along with a brief future perspective is provided. 
2.2 Properties of TiO2 Nanomaterials 
2.2.1 Structural Properties of TiO2 Nanomaterials 
There are at least eleven crystalline phases for TiO2 including anatase, rutile, brookite, 
TiO2(B), the hollandite-like phase TiO2(H), the ramsdellite (MnO2 or VO2)-like phase 
TiO2(R), the columbite (α-PbO2)-like phase TiO2(II), the baddeleyite (ZrO2)-like 
phase, the fluorite (CaF2)-like cubic phase, TiO2-OI and the cotunnite (PbCl2)-like 
phase TiO2-OII.
23 The stability of these phases has been investigated in previous work 
and summarized by Zhang et al.23 The first six phases are stable at ambient or low-
pressure while the latter five are high pressure phases. Their densities range from 
approximately 3.5 g cm-3 for TiO2(H) to 5.8 g cm
-3 for cubic phase TiO2. Of all the 
TiO2 crystal phases, anatase and rutile have been the most studied. 
Figure 2.2 shows ball-and-stick and polyhedron models of anatase and rutile TiO2.
23 
These two structures are depicted in terms of chains of TiO6 octahedron fundamental 
building blocks, where each Ti4+ ion is encircled by six O2- ions in the form of an 
octahedron. The differences between these two crystal structures are the distortion of 
each octahedron and the assembly pattern of the octahedron chains. The octahedron in 
rutile is not that regular, demonstrating a slight orthorhombic distortion. However, the 
symmetry of anatase is lower than orthorhombic because the octahedron in anatase is 
significantly distorted. The Ti-Ti distances in rutile are 3.57 and 2.96 Å, while 
distances in anatase are larger at 3.79 and 3.04 Å. Conversely, the Ti-O distances in 
anatase at 1.934 and 1.980 Å are shorter than rutile, 1.949 and 1.980 Å. In the anatase 
structure, each octahedron is in contact with eight neighbours, four share edge oxygen 
pairs and four share corner oxygen atoms. While in the rutile structure, two share an 
10
edge and eight share a corner, that is each octahedron is in contact with ten neighbour 
octahedrons. These differences in lattice structures lead to different mass densities 
(3.8-3.9 and 4.2-4.3 g cm-3 for anatase and rutile, respectively) and electron band 
structures for the two main TiO2 phases.
23, 24  
 
 
Figure 2.2. Ball-and-stick and polyhedron models of (a) anatase and (b) rutile TiO2. 
The red balls and blue balls represent O atoms and Ti atoms, respectively. Unit cells 
are outlined using thin lines. Reproduced with permission.23 Copyright 2014, 
American Chemical Society.  
2.2.2 Thermodynamic and Kinetic Properties of TiO2 Nanomaterials 
Thermodynamically, rutile is generally considered the most stable phase, while 
anatase is metastable and can be easily transformed into rutile at elevated temperature. 
Anatase phased nanomaterials can be found in natural or synthesised systems. High 
temperature annealing (500-700 °C) usually gives rise to rutile TiO2 and this phase 
transformation process is irreversible. Control of the experimental conditions to 
manipulate the anatase to rutile phase transformation is critical and meaningful, 
particularly for high-temperature applications. For example, in the case of gas sensors 
and porous membranes for gas separation or catalysis, the anatase to rutile phase 
transformation may occur, thereby affecting or even altering the performance of these 
devices.25 For the use of TiO2 in self-sterilizing photocatalytic coatings, the coatings 
applied on ceramic substrates need to be processed at high temperature (≥800 °C).26 
Therefore, employing a high performance anatase photocatalyst that can withstand the 
sintering temperature of the ceramic substrates is required. Thus, understanding the 
kinetics of their phase transformation and factors affecting the kinetics is essential to 
obtain desirable TiO2 composites (single phase or mixed phase) and therefore material 
properties.  
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The phase transformation process from anatase to rutile is reconstructive, which 
involves the breaking and reforming of 7 of 24 Ti-O bonds per unit cell27 and 
sufficient thermal energy is required to facilitate the rearrangement of Ti and O atoms. 
The required activation energy is diverse, ranging from 150 to 850 kJ mol-1.27 A 
contraction of the c-axis occurs for the reconstructive anatase to rutile transformation 
and the overall volume contraction is about 8%. A phase diagram of titania as a 
function of both temperature and pressure is shown in Figure 2.3 as below. 
 
Figure 2.3. Phase diagram of titania. The reaction boundaries of phase transitions are 
shown as different colour lines. TiO2 II is a high-pressure phase of titania with a lead 
oxide structure.25 Copyright 2011, Springer publisher. 
2.2.2.1 Factors Affecting the Anatase to Rutile Phase Transformation 
The kinetics of the anatase to rutile phase transformation depend on the material 
properties including impurities/dopants, initial anatase crystal size and packing 
characteristics. 
1) Impurities/dopants 
The presence of intentional dopants or unintentional impurities in the samples shows 
an obvious effect on the kinetics of the anatase to rutile transformation. The dopants 
can be cations or anions. Variable results have been reported that impurities/dopants 
may either inhibit or promote the transformation to rutile. Yang et al. demonstrated 
that Zr ions doping can significantly inhibit the TiO2 phase transformation.
28 As 
indicated by differential thermal analysis (DTA) curves, the transformation 
temperature is around 800 °C for pure TiO2 powder, while for a sample with molar 
ratio Zr/Ti=0.1, the temperature increases to about 1100 °C. Francisco et al. reported 
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that the anatase-rutile phase transformations of TiO2 and TiO2-CuO samples were 
retarded by the addition of CeO2.
29 The inhibition observed for the phase 
transformation not only prevented substantial surface loss but also pore growth 
associated with this process. In the report by Yu et al., F- doping was investigated.30 
Fluoride ions not only enhanced the crystallinity of anatase but also prevented phase 
transformation of anatase to rutile. A recent study reported by Luo et al. demonstrated 
that vanadium doping promoted the anatase−rutile transformation. The transformation 
temperature was decreased from 1000 to 600 °C with 10 % vanadium doping while 
mesopore structure in the mixed-phase TiO2 was preserved.
11 
Impurities/dopants can also be produced by heating samples in different atmospheres. 
In 1964, Shannon found that the rate of anatase to rutile phase transformation was 
accelerated in hydrogen gas atmospheres but retarded in vacuum.31 Gamboa et al. 
reported that an Ar-Cl2 atmosphere favoured the TiO2 phase transformation and was 
approximately 300 times faster than in air at 950°C.32  
As discussed above, doping of TiO2 provides an effective approach to alter the 
kinetics of the anatase to rutile transformation. The promotion of the phase 
transformation is attributed to an increase of oxygen vacancies through an increase in 
lattice relaxation (i.e. lessening of structural rigidity) while transformation inhibition 
is mainly ascribed to the formation of Ti3+ interstitials through an increase in lattice 
constraint.25, 33 
2) Crystal size 
The effect of crystal size on the anatase to rutile transformation has been extensively 
investigated and the transformation is very strongly size dependent.34-37 It is worth 
noting that contrary results have been reported due to differences in sample 
preparation methods. Zhang and Banfield reported that prepared TiO2 nanoparticles 
with anatase structures transformed to rutile when they reached a critical particle size, 
and that once rutile was formed, it developed much faster than anatase. Anatase is 
more stable than rutile if the particle size is below ~14 nm.34 In a later study, they 
found that the thermodynamic phase stability and transformation sequence highly 
depended on the initial particle size of anatase. A conclusion was drawn that for 
nanoparticles with equal size, anatase was thermodynamically stable for sizes less 
than 11 nm, and rutile was stable for sizes larger than 35 nm.35 Li et al. found that 
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with a decrease of initial anatase particle size the onset phase transition temperature 
was decreased.36 The calculated activation energies for phase transformation were 299, 
236 and 180 kJ mol-1 for TiO2 nanoparticles with a crystal size of 23, 17 and 12 nm, 
respectively. The decreased thermal stability in the finer nanoparticles was primarily 
ascribed to the reduced activation energy owing to the increase of the size-related 
surface enthalpy and stress energy. Similarly, Zhang et al. also found that the initial 
particle size of TiO2 is the critical parameter determining the onset transition 
temperature and nucleation behavior.37 In this study, the effect of particle size on 
outer and inner particle phase transformation was investigated by preparing ultrafine 
TiO2 particles with a narrow size distribution. The phase transformation took place at 
lower temperatures for small particles (<10 nm). The transformation temperature 
increased with the increase of initial particle size, as shown in Figure 2.4. Rutile 
nucleates at the interfaces of contacting anatase particles that are smaller than 60 nm) 
while for particle size greater than 60 nm, three rutile nucleation modes, interface-, 
free surface- and bulk-nucleation are all likely to exist. 
 
 
Figure 2.4. A proposed scheme for the anatase to rutile phase transformation of TiO2 
with diverse particle size: (a) less than 10 nm, (b) 10-60 nm, and (c) greater than 60 
nm (blue, anatase; red, rutile). Adapted with permission.37 Copyright 2009, American 
Chemical Society.  
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3) Packing characteristics 
Packing characteristics have a significant effect on the anatase to rutile transformation. 
Solid-state phase transformation is a process of nucleation and growth, and three 
nucleation modes, interface-, free surface- and bulk-nucleation have been used to 
explain the anatase to rutile phase transformation.12, 25, 27, 35, 38-43 At relatively low 
annealing temperatures (below 620 °C), interface-nucleation usually triggers and 
dominates the phase transformation. The anatase twin boundaries built from two slabs 
of octahedral zigzag chains show structural elements common to those of the rutile 
phase.27 Such twin interfaces can serve as nuclei for the rutile phase. Such twin 
interfaces can serve as nuclei for the rutile phase, by initializing the phase 
transformation due to the relatively low activation barrier for nucleation. This 
nucleation is different from the surface or bulk nucleation which is a high energy-
favoured process. As reported by Banfield et al. (Figure 2.5),40 rutile primarily 
nucleates at interfaces between contacting anatase particles in TiO2 samples with 
denser particle packing and inclusion of alumina particles can effectively decrease the 










Figure 2.5. Diagram illustrating the relationship between anatase particle packing and 
possible nucleation mode: (a) 8 nm anatase sample with less dense particle packing, 
(b) 8 nm anatase sample mixed with 6 nm γ-Al2O3, (c) 6 nm anatase sample with 
compact packing, and (d) 6 nm anatase sample mixed with 6 nm γ-Al2O3. The white 
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circle represents anatase, grey circle represents γ-Al2O3, anchor arrow represents 
interface nucleation and the single arrow represents surface nucleation. Adapted with 
permission.40 Copyright 2000, Materials Research Society.  
2.2.2.2 Band Alignment of Anatase and Rutile 
It is generally regarded that anatase TiO2 shows higher photocatalytic performance 
than rutile TiO2. In order to achieve highly active TiO2 photocatalysts, most research 
has focused on synthesizing phase-pure anatase TiO2. However, the commercially 
available photocatalyst, Evonik (Degussa) P25 TiO2, is a mixed-phase TiO2 with 
about 80% anatase and 20% rutile.44 The mixed-phase P25 is more active than the 
individual anatase or rutile phase.45 Therefore, extensive investigations of mixed-
phase TiO2 composites have been carried out in recent years that have exhibited 
enhanced photocatalytic activities. Although the explanation for the enhanced 
performance is unanimously regarded as the spatial separation of photogenerated 
electrons and holes induced by the synergistic effect between anatase and rutile, there 
is one long-standing dispute on the energetic alignment of the band edges of the 
anatase and rutile TiO2.
46, 47  Kavan et al. determined by electrochemical impedance 
analysis that the flat band potential of anatase was approximately 0.2 eV more 
negative than rutile (Figure 2.6a), indicating that the CB of anatase was 0.2 eV above 
that of rutile.48 This result suggested that this band alignment favoured the 
photogenerated electron transfer from anatase to rutile, whereas holes migrated from 
rutile to anatase. Contrastingly, a later study by Xiong et al. reported that the anatase 
CB was 0.2 eV lower than rutile (Figure 2.6b) on the basis of photoemission 
measurements.49 Research by Scanlon et al. using combined periodic hybrid density 
functional theory calculations and X-ray photoelectron spectroscopy experimental 
measurements supported the latter theory.47 They found that the CB and VB of rutile 
were 0.22 and 0.44 eV higher than those of anatase, demonstrating that this band 
alignment favoured photogenerated electron flow from rutile to anatase. This finding 
was consistent with previous results conducted by electron paramagnetic resonance 
(EPR) spectroscopy, in which electrons migrate from rutile into anatase, while holes 




Figure 2.6. A proposed scheme for VB (blue) and CB (orange) alignment 
mechanisms for the anatase and rutile interface: (a) type-II (rutile); (b) type-II 
(anatase). Blue and orange dots indicate electrons and holes, respectively, and red 
arrows represent their respective flow in the CB and VB Reproduced with 
permission.47 Copyright 2013, Nature Publishing Group. 
2.2.2.3 Strategies for Synthesizing Anatase and Rutile Mixed Phase 
The band alignment mechanism discussed above makes explicit that charge transport 
processes critically depend on the interface between anatase and rutile TiO2. 
Therefore, although the simplest way to fabricate mixed-phase TiO2 is to directly mix 
variable ratios of anatase and rutile nanoparticles together, the interface contact 
between anatase and rutile is not ideal by just mechanical mixing. In order to obtain 
mixed-phase TiO2 with a better interface contact, the following two main strategies 
can be employed. 
1) Converting anatase or amorphous TiO2 into mixed-phase TiO2.
11, 12, 37, 52, 53 This 
process can be realized by annealing as-prepared anatase or amorphous TiO2 at an 
elevated temperature. The anatase/rutile ratio can be simply tuned by annealing 
duration or temperature.  
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2) Direct preparation of mixed-phase TiO2. The materials can be obtained by 
hydrothermal treatment, flame spray pyrolysis or reactive DC magnetron sputtering.54-
57 
2.3 Porous TiO2 Spheres  
Spherical TiO2 nanostructures are an important class of materials that have been 
widely investigated and have found extensive applications for energy-storage and 
conversion, chromatography, light-induced chemistry, electro-rheology and 
catalysis.58 Numerous synthesis strategies have been applied to obtain porous TiO2 
spheres. The research in this thesis will employ a sol-gel technique along with a 
hydrothermal/solvothermal procedure for the development of porous TiO2 spheres. 
Therefore, the following section provides an overview of these two techniques that 
enable preparation of diverse spherical TiO2 morphologies. 
2.3.1 Sol-Gel Templating Technique 
The sol-gel method has been applied to prepare various oxide ceramic materials for a 
long time. The term sol-gel refers to a process in which the inorganic polymerization 
of molecular precursors dispersed in a liquid (referred to as sol) aggregate to form a 
solid, continuous three-dimensional (3D)-network extending throughout the liquid 
(referred to as gel).59 Hence, sol-gel is a process through which a liquid sol transitions 
into a solid gel. The most common precursors used in sol-gel syntheses are metal 
alkoxides. The whole sol-gel process includes two parts: hydrolysis and condensation 
reactions of the alkoxide precursors:  
Hydrolysis:  
M(OR)4+H2OHO-M(OR)3+ROH     (6) 
M represents the inorganic element, such as Ti or Zr, and the OR stands for an alkoxy 
group and ROH is an alcohol. Depending on the amount of added water and catalyst, 
hydrolysis may go to completion. 
M(OR)4+4H2O M(OH)4+4ROH     (7) 
Condensation: 
(RO)3M-OH+HO-M(OR)3(OR)3M-O-M(OR)3+H2O  (8) 
(RO)3M-OR+HO-M(OR)3(OR)3M-O-M(OR)3+ROH  (9) 
Template growth is a very flexible and diverse synthesis method that forms 
nanostructures with a morphology following a porous template. Templates are used in 
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conjunction with sol-gel chemistry to direct the assembly of the TiO2 network formed 
during the sol-gel process. Porous TiO2 spheres can be fabricated through a hard 
templating method via nanocasting of various porous spherical materials, such as 
carbon, silica or polymers.60-64 In this process, the TiO2 precursor is impregnated in 
dispersed template beads and undergoes hydrolysis and condensation within the 
template pore structures, resulting in a template/TiO2 hybrid, where the TiO2 is 
generally amorphous. A following heating process is usually applied to obtain 
crystalline TiO2 remove the template; chemical etching is employed to remove the 
template in the case of silica. The size of the TiO2 spheres can be controlled by using 
different size templates, which can range in size from several hundred nanometres to 
several millimetres. 
Dong et al. demonstrated a two-step nanocasting route to fabricate monodisperse 
mesoporous TiO2 spheres.
62 In this process, monodisperse mesoporous silica beads 
were first prepared and then the silica beads acted as a template to produce 
mesoporous carbon spheres by nanocasting. The pores of the carbon template were 
then infiltrated with a titanium (IV) isopropoxide precursor followed by exposure to 
moisture in air to hydrolyse the Ti precursor. The carbon template was removed by 
annealing the composite in an air atmosphere. The size of the resulting anatase TiO2 
spheres was 500-600 nm and the surface area was around 150 m2 g-1.  
Kimling et al. synthesized hierarchically porous millimetre-sized TiO2 beads using 
sol-gel chemistry within preformed alginate beads.64 The alginate beads were first 
synthesized via an extrusion external gelation method. This involved the dripping of a 
sodium alginate solution into a calcium gelation bath using a peristaltic pump. The 
alginate beads served as sacrificial templates, successfully providing the spherical 
shape and controlling the structural properties of the TiO2 matrix. The properties of 
TiO2 were tuned by adjusting the alginate bead synthesis conditions and the annealing 
temperature. The specific surface area of these anatase TiO2 beads was as high as 170 
m2 g-1 when the hybrid beads were calcined at 450 °C. These large size, porous 
inorganic beads show potential in applications such as adsorption-separation and 
catalysis.  
2.3.2 One-Pot Hydrothermal/Solvothermal Method 
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Hydrothermal synthesis was first performed in 1839 by Robert Bunsen to synthesise 
crystals of barium carbonate and strontium carbonate at temperatures above 200 °C 
and pressures more than 100 bar. Typically, hydrothermal synthesis is a process that 
utilises single or heterogeneous phase reactions in aqueous media at elevated 
temperature and pressure to crystallise ceramic material. The reaction is normally 
carried out in steel pressure vessels called autoclaves with or without Teflon liners 
(Figure 2.7). The internal pressure of the autoclave depends upon the reaction 
temperature and volume of solution added. The solvothermal method is almost 
identical to the hydrothermal method, except that the solvent used is primarily non-
aqueous. 
 
Figure 2.7. Steel autoclaves with Teflon liner as used in this thesis: (a) Photograph 
and (b) cross-sectional schematic showing the Teflon liner part filled. 
Porous spherical TiO2 nanostructures with well-defined morphologies can be prepared 
by the hydrothermal or solvothermal method via different formation mechanisms, 
including reaction-limited oriented growth of nanocrystals, controlled agglomeration 
of in situ formed particles, dissolution-recrystallization and topotactic transformation. 
In contrast to the sol-gel process (templating and autogenesis), hydrothermal and 
solvothermal processes usually directly gives rise to crystalline porous TiO2 
nanostructures, making subsequent crystallization heating unnecessary. The TiO2 
nanoparticles are subject to reaction parameters including the type of precursor, 
solvent, pH, temperature, time as well as any additives in the fluid.  
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Sun et al. prepared novel 3D dendritic TiO2 nanostructures consisting of rutile 
nanorod, nanoribbon or nanowire subunits via a simple one-pot hydrothermal 
synthesis in the presence of cetyltrimethyl ammonium bromide (CTAB) and 
hydrochloric acid (HCl).65 The morphology of the constituent nano-units and the size 
of the 3D TiO2 dendrites was readily controlled by adjusting the surfactant 
aggregation structure and the precursor hydrolysis rate. The size and specific surface 
areas of the TiO2 nanostructures varied from 1.3 to 10 μm and 25 to 97 m
2 g-1, 
respectively, by adjusting experimental parameters including concentrations of 
titanium (IV) isopropoxide, CTAB, ethylene glycol and urea. The addition of ethylene 
glycol and urea in the reaction system can slow down the hydrolysis rate of titanium 
(IV) isopropoxide and accordingly influence the morphological development of the 
constituent units from nanorods to nanoribbons and nanowires. Additionally, all TiO2 
nanostructures were well-crystallized rutile phase as revealed by X-ray diffraction 
(XRD) and Raman spectroscopy. 
Alternatively, the fabrication of porous TiO2 spheres can be realized through fluoride-
assisted hydrothermal and solvothermal reactions.66, 67 The presence of fluoride in the 
synthesis can effectively promote the crystallization of anatase crystals, therefore 
resulting in well-crystallized porous TiO2 spheres. Moreover, fluoride can also 
stabilize the highly reactive (001) facets, giving rise to an increased percentage of 
those facets in the generated spheres. Fang et al. prepared spherical TiO2 
nanostructures that consisted of single-crystal anatase nanosheets dominated by well-
faceted (001) planes through solvothermal treatment in a mixture of titanium (IV) 
butoxide, isobutanol and hydrogen fluoride (HF) at 180-200 °C.67 The as-prepared 
spheres with a size of approximately 2.0 µm were assembled from two-dimensional 
anatase nanosheets, which had a thickness of 10-20 nm and a length of around 1.2 µm 
and served as the basic building units. Similar TiO2 nanostructures were also 
synthesized by in a diethylene glycol solvothermal reaction, in which TiF4 was used 
as a Ti precursor.66 The uniform spheres with a diameter of 250 nm were prepared at a 
TiF4 concentration of 10 mM. The diameter of the spheres decreased to 200 nm when 
the TiF4 concentration increased to 30 mM, and featured two mesopore sizes centred 
at 2.5 and 17.9 nm. 
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The presence of hydrogen peroxide in hydrothermal/solvothermal reactions also 
facilitates the formation of porous TiO2 spheres. In a synthesis developed by Wu et al., 
hierarchical TiO2 spheres assembled from nanospindles were fabricated via a two-step 
solvothermal and hydrothermal method.68 First, the yellowish peroxotitanium 
complex [Ti(H2O2)·(OH)4-n]
n+(OH)n was formed via dissolution of P25 powder in a 
mixture of 30 wt% hydrogen peroxide and 26-28 wt% ammonia.69 The 
peroxotitanium precursor was then solvothermally treated at 160 °C for 6 h in a water-
ethanol solution, producing nanospindle-embedded TiO2 precursor spheres, followed 
by hydrothermal treatment at 180 °C. The as-prepared spheres composed of anatase 
nanospindles had a size of 450 nm and a surface area of 88 m2 g-1.  
2.3.3 Combined Sol-Gel Autogenesis and Hydrothermal/Solvothermal Process  
Besides the intuitive templating method, where the size and monodispersity of TiO2 
spheres are controlled by the templates employed, micrometre- or submicrometre-
sized TiO2 spheres can also be obtained by an autogenesis sol-gel process. In this 
process, it is necessary to slow down the alkoxide hydrolysis because of the high 
reactivity of titanium alkoxides. The synthesis of TiO2 spheres can be conducted in a 
solvent (typically alcohol) containing either a small amount of water or in the 
presence of diverse chelating agents (e.g., acetylacetone or ethylene glycol). These 
methods allow for more control of the material properties. However, the resulting 
TiO2 spheres are usually amorphous, which generally requires a further heat treatment 
process, like hydrothermal/solvothermal treatment, to obtain porous crystalline TiO2 
spheres. By combining sol-gel autogenesis and the hydrothermal/solvothermal process, 
TiO2 spheres with a number of desirable properties including well-defined spherical 
morphology, monodisperse particle size, high specific surface area, variable pore size 
and high crystallinity can be achieved.  
The autogenesis sol-gel process was first reported by Stöber et al. for the preparation 
of monodisperse SiO2 spheres in the late 1960s.
70 The synthesis involves the 
hydrolysis and condensation of tetraethyl orthosilicate in alcohol solvents in the 
presence of water and a catalyst (e.g., ammonia) at ambient temperature. Particle sizes 
ranged from 50 nm to 2 µm, and were obtained by careful adjustment of the 
concentration of the reactants, which controlled the nucleation and growth rates of the 
nuclei. Since then, tremendous efforts have been made to similarly prepare alternative 
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metal oxides, e.g. TiO2, which is of high importance for both fundamental research 
and potential applications in environmental remediation, clean energy generation and 
storage. For example, Eidan-Assmann et al. investigated the use of salts and polymers 
as stabilizing agents to prevent the aggregation of the TiO2 spheres, thereby enabling 
discrete monodisperse TiO2 spheres and control over the morphological features of 
the spheres.71 In another process demonstrated by Jiang et al., monodisperse spherical 
titanium glycolate colloids were fabricated by using a less reactive titanium precursor 
that was obtained by mixing highly reactive titanium(IV) butoxide with ethylene 
glycol.72  
Recently, Caruso and co-workers successfully combined sol-gel autogenesis and a 
hydrothermal/solvothermal process to produce porous TiO2 with controllable 
features.73, 74 The formation process is illustrated in Figure 2.8.  
 
 
Figure 2.8. A scheme illustrating the synthesis of monodisperse mesoporous TiO2 
spheres by combining sol-gel self-assembly and a solvothermal process. Adapted with 
permission.73 Copyright 2010, American Chemical Society. 
Amorphous spherical TiO2 agglomerates were first produced by a sol-gel cooperative 
self-assembly process. The reaction takes place in ethanol in the presence of a 
structure-directing agent, hexadecylamine. During this process, the morphology, 
monodispersity in size and the diameter of the mesostructured hybrid spheres were 
controlled. For example, the diameters of the precursor spheres were adjusted from 
300 to 1150 nm by tuning the H2O:Ti mole ratio from 10:1 to 3:1. The precursor 
spheres are nonporous structures as revealed by N2 sorption.
73 If a direct calcination 
treatment is applied, the amorphous precursor beads crystallize into anatase TiO2 
23
materials with a very low specific surface area (approximately 3 m2 g-1) and pore 
volume (approximately 0.01 cm3 g-1). To prepare mesoporous TiO2 spheres with a 
highly crystalline framework and controllable mesoporosity, solvothermal treatment 
was carried out in an ethanol-water mixture in the presence of different amounts of 
ammonia.73-75 In this process, the specific surface area, crystallite size, pore size 
distribution and surface roughness of the TiO2 spheres was controlled by the ammonia 
concentration or the solvothermal crystallization and calcination temperature. For 
example, the specific surface area of the mesoporous TiO2 spheres can be as high as 
108 m2 g-1 with a pore size of around 14 nm in the absence of ammonia. The pore size 
was enlarged from 14 to 18 and then 23 nm when 0.5 and 1.0 mL 25 % ammonia 
solution was added to the solvothermal fluid. Additionally, the size of the anatase 
nanocrystallite constructing TiO2 spheres was tuned from approximately 55×100 nm 
to 160×410 nm by increasing the ammonia concentration employed in the 
solvothermal treatment step from 2.2 to 17.4 wt.%. The transformation of amorphous 
TiO2 into crystalline TiO2 involved dissolution, anatase nucleation and crystal growth 
mechanism.76 Hence, crystalline porous spheres can be prepared by transforming 
nonporous amorphous spheres just as well as porous amorphous spheres.71 
In 2012, Hong et al. prepared monodisperse mesoporous TiO2 spheres 0.6-3.1 µm in 
diameter by adopting a similar strategy.77 They investigated the effects of reaction 
temperature (-41 to 23 °C), Ti source purity and carbon chain length of n-alkylamines 
(C8-C16) on the monodispersity and particle size of amorphous precursor spheres. In 
this work, titanium (IV) isopropoxide was purified by vacuum-distillation in order to 
remove any pre-existing nuclei. The nuclei were formed by inadvertently introducing 
moisture during the handling and storage of titanium(IV) isopropoxide (TIP). In 
addition, to precisely control the hydrolysis of TIP during the sol-gel synthesis of the 
precursor spheres, ethanol was dried by distillation from an activated molecular sieve 
and the synthesis was also conducted in a glove box charged with dry Ar. The 
monodispersity of the resulting amorphous precursor spheres was enhanced by 
removing the pre-existing nuclei in the as-received TIP and using n-alkylamine 
surfactants containing 10-14 carbon atoms in the alkyl chain. In this research, n-
dodecylamine (DDA, C12) gave the highest monodispersity. After solvothermal 
treatment and calcination, the amorphous TiO2 spheres readily transformed into 
mesoporous anatase TiO2 spheres with a specific surface area up to 152.8 m
2 g-1. By 
24
increasing the carbon chain length of the n-alkylamine from 8 to 16, the pore 
diameters increased from 5.1 to 12.6 nm and the corresponding pore volumes 
increased from 0.12 to 0.41 cm3 g-1.  
Another procedure for the synthesis of highly crystalline TiO2 spheres was developed 
by Pan et al. via a fluoride-assisted solvothermal process.78 The synthesis of 
nonporous TiO2 precursor spheres with a diameter of about 270 nm was achieved 
from the direct precipitation of titanium (IV) alkoxides in an ethanol-acetonitrile 
mixed solution that also contained water.79 This reaction occurred in the presence of 
the structure directing agent of (DDA) at room temperature. TiO2 spheres consisting 
of well-packed uniform nanocrystals were generated by a subsequent solvothermal 
reaction at 180 °C in the presence of NH4F and then post-calcination at 450 °C. Some 
shrinkage was observed due to the removal of the DDA surfactant and crystallization 
of TiO2 after thermal treatment. The TiO2 spheres exhibited mesoporosity with an 
average pore size of 9.2 nm and a Brunauer-Emmett-Teller (BET) surface area of 132 
m2 g-1. For comparison, the amorphous precursor beads were directly calcined at 
450 °C without solvothermal treatment, giving rise to TiO2 spheres with a very low 
specific surface area of 16.3 m2 g-1. 
2.4 Hollow TiO2 Spheres 
As an important family of functional materials, hollow structures featuring low 
density, high specific surface area, large void space and high loading capacity have 
attracted considerable attention in various areas including adsorption and storage, 
catalysis, drug delivery and photocatalysis. Following the 1998 publication of Caruso 
et al.,80 various synthesis strategies have been developed to generate inorganic hollow 
spheres. The templating approach, hydrothermal/solvothermal procedure and 
combined method are covered in this chapter. 
2.4.1 Templating Method 
The template-assisted approach undoubtedly provides a convenient, flexible and 
versatile procedure for the fabrication of hollow nanostructures. In this thesis, this 
approach can be broadly divided into two categories: conventional hard templating 
and soft templating. 
2.4.1.1 Conventional Hard Templating 
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Fabrication of hollow TiO2 spheres by templating rigid particles is effective and 
conceptually straightforward. In this method, solid particles (e.g., polystyrene (PS), 
carbon or silica spheres) are employed as the core template, which can be 
subsequently removed through thermal treatment (calcination) or selective solvent 
etching (dissolution) after the formation of the inorganic shells around the template 
cores. This process mainly involves four steps as illustrated in Figure 2.9: (1) 
preparing the original hard template, (2) functionalizing/modifying the template 
surface to achieve any required surface properties, (3) coating a TiO2 precursor onto 
the surface of the template by the sol-gel process, and (4) selectively removing the 
original template and controlling crystallinity as well as crystal phase of the hollow 
TiO2 nanostructures. The properties of the resultant hollow spheres, such as the inner 
and outer diameter of the sphere, and the size distribution (monodispersity), are 
usually controlled based on the employed hard template and the coating process. In 
this thesis, the focus is the sol-gel coating process in which TiO2 sols were formed by 
hydrolysis. Consequently, the use of performed TiO2 particles coated on the surface of 
hard templates (e.g., a using the layer-by-layer assembly technique80-82) is not 
included. 
Figure 2.9. A schematic illustration of the procedure to prepare a hollow sphere using 
a sacrificial hard template. (1) preparation of the hard template, (2) functionalization 
of the template surface, (3) coating the template with TiO2 and (4) removal of the 
template. 
Chemical deposition is a shell-forming strategy commonly employed in the synthesis 
of hollow structures. It is crucial to control the hydrolysis rate and heterocoagulation 
for the success of the process. Yin et al. developed a procedure for the preparation of 
hollow TiO2 microspheres with tunable shell thickness by the hydrolysis of titanium 
(IV) butoxide in an ethanol solution containing polystyrene microspheres at 105 °C.83 
Polyvinylpyrrolidone (PVP) was used to stabilize the cationic PS sphere in the 
solution. Although the hydrolysis rate of titanium alkoxide is usually very fast, the 
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slight negative charge on the hydrolyzed TiO2 species promoted rapid deposition on 
the positively charged PS spheres. The thickness of the coated layers was controlled 
by the concentrations of titanium (IV) butoxide and PS. Anatase TiO2 shells were 
obtained by calcining the PS/TiO2 composites at 600 °C. During this step PS 
templates were removed. Kim et al. later prepared hollow TiO2 microspheres using 
surface-modified PS spheres as templates (Figure 2.10).84 The template was first 
treated by plasma to introduce hydroxyl groups on the surface and then dispersed in a 
mixture containing ammonia, ethanol and titanium (IV) isopropoxide, finally giving 
rise to a PS/TiO2 core/shell hybrid structure via a sol-gel process. The template core 
was selectively removed with tetrahydrofuran (THF). These hollow TiO2 spheres 
obtained by this procedure had a mesoporous shell of around 25 nm in thickness, were 
highly porous with a BET surface area of 67.8 m2 g-1 and have an average pore size of 
3.7 nm. It is worth noting that the as-prepared hollow TiO2 spheres were composed of 
amorphous nanoparticles. Further thermal treatment was required to transform the 
amorphous TiO2 spheres into crystalline hollow TiO2 spheres. 
 
Figure 2.10. (a) SEM and (b) TEM images of hollow TiO2 spheres. The scale bars are 
400 nm in the main images and 200 nm the insets. Reproduced with permission.84 
Copyright 2008, American Chemical Society. 
Alternatively, TiO2 shells can be prepared using pre-synthesized TiO2 sols. In a 
procedure developed by Guo et al., hollow TiO2 spheres with thick mesoporous walls 
were prepared by coating polymethyl methacrylate (PMMA) beads with a TiO2 sol 
containing n-hexadecyltrimethylammonium bromide surfactant micelles.85 Prior to 
coating with the TiO2 sol, the surface of the PMMA polymer spheres was modified by 
ionic liquids. This modification was made to control the interfacial properties for 
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enhancing the deposition of TiO2 sols. The sols on the surface of PMMA were then 
solidified by the addition of ammonia solution to form a mesoporous gel. Finally, the 
polymer core was removed by calcination in air at 650 °C for 4 h. This coating 
procedure produced hollow TiO2 spheres with a disordered mesoporous shell, which 
exhibited a very high BET surface area of up to 256 m2 g-1. In addition, the size of the 
cavity in the hollow spheres was tuned by choosing different size PMMA templates 
(2-60 µm). 
The use of mesoporous carbon hollow spheres as a template to prepare crystalline 
TiO2 hollow spheres was demonstrated by Xia et al. The carbon template was first 
produced using mesoporous silica SBA-15 as a sacrificial template via chemical 
vapour deposition.86, 87 The pores of the carbon template were then infiltrated with the 
titanium alkoxide precursor at room temperature, followed by exposure to air to 
hydrolyse the precursor. The carbon template was subsequently removed by annealing 
the composite in air at 550 °C for 8 h. The hollow sphere morphology of the 
mesoporous carbon template was successfully replicated in the crystalline TiO2. The 
resulting porous TiO2 hollow spheres obtained by nanocasting had a high surface area 
of 100 m2 g-1, pore size of about 6.0 nm and pore volume of 0.16 cm3 g-1.87 
Besides polymer and carbon beads, silica beads are also commonly used as hard 
templates to prepare hollow spheres due to their low cost, easy coating process and 
size controllability.17, 88 The procedure generally involves coating of the silica beads 
by the surface precipitation of TiO2 sols containing surfactants for porosity control, 
and then the removal of the silica templates by etching using HF or an alkaline 
solution. In addition, the thickness of the TiO2 shell can be easily increased by 
repeating the coating process. The TiO2 samples obtained by the typical sol-gel 
process are amorphous and therefore require further thermal treatment to produce 
crystalline counterparts. Calcination at elevated temperatures is usually considered to 
be a simple and effective approach to induce crystallization of amorphous TiO2. 
However, direct calcination of SiO2@TiO2 core-shell followed by selective etching of 
the SiO2 core cannot maintain the porosity and hollow morphology due to the 
extensive crystallization and grain growth of the TiO2. To overcome this issue, Yin 
and co-workers group developed a process involving the sol-gel deposition of a thin 
layer of protective silica. The protective silica coating as well as the silica template 
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core can be removed during the final etching with alkali bases.17, 88 The as-prepared 
hollow TiO2 spheres with mesoporous shell had a very high BET surface area of 311 
m2 g-1.17 
2.4.1.2 Soft Templating 
Unlike hard templating, soft templating is very attractive for producing hollow 
nanostructures because the templates can be easily removed by gentle evaporation or 
dissolution in solvents. Soft templates are typically formed by long-chain polymers, 
surfactants, or viruses, which are usually amphiphilic compounds with hydrophilic 
and hydrophobic groups. By carefully adjusting experimental parameters, these 
materials can self-assemble into well-defined aggregates such as micelles or reverse 
micelles, vesicles, emulsions or liquid crystal phases. The assemblies act as templates 
directing the growth of guest structures, finally producing hollow structures. In a 
synthesis developed by Nakashima et al., TiO2 hollow spheres were prepared using 
toluene microdroplets as templates, which were formed in an ionic liquid, 1-butyl-3-
methylimidazolium hexaflurophosphate ([C4mim]PF6).
89 In this process, the Ti 
precursor, Ti(OBu)4,was first dissolved in anhydrous toluene and then underwent 
emulsification with [C4mim]PF6 by intensive stirring, forming microsized droplets. 
Ti(OBu)4 molecules in the droplets hydrolyzed selectively at the interface with a 
small amount of water in the ionic liquid phase. The as-prepared TiO2 hollow spheres 
with a diameter of 3-20 µm were amorphous. Calcination at 500 °C facilitated the 
phase conversion to anatase. 
Gas bubbles are another promising soft template for the synthesis of hollow 
nanostructures. In this approach, as-prepared fine nanoparticles aggregate around the 
bubbles to form a compact wall. It has been reported that gas bubbles can be produced 
by blowing gas into a solution, sonochemical methods or chemical reaction.90 Li et al. 
designed a bubble-template approach to fabricate well-crystallized rutile-phase TiO2 
hollow spheres.91 In this synthesis, a dark-red solution containing potassium titanium 
oxalate, H2O, H2O2 and HCl was heated at 150 °C for 8 h, producing TiO2 hollow 
spheres with a diameter if around 1 µm. The bubble template, O2, was generated from 
the decomposition of H2O2. The spheres had pores with diameters of approximately 
50 nm and a BET surface area of 130.2 m2 g-1. 
2.4.2 One-Pot Hydrothermal/Solvothermal Technique 
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Analogous to the porous TiO2 spheres demonstrated in the previous section, porous 
hollow TiO2 spheres can be easily prepared by fluoride-assisted 
hydrothermal/solvothermal approaches.14, 92-97 The growth of homogeneous TiO2 
shells is generally very difficult due to the high chemical reactivity of most titanium 
precursors, such as titanium alkoxides and chlorides. Therefore, the hydrolysis and 
condensation of titanium species are usually controlled by either the strict synthesis 
conditions or the addition of polyelectrolytes. The Ti-F bond in TiF4 is relatively 
stable, so rapid hydrolysis and condensation of the titanium precursor can be 
dramatically retarded in the absence of stabilizing agents. In the 
hydrothermal/solvothermal process, the presence of fluoride not only induces the 
hollowing process of TiO2 spheres, but also enhances the crystallization of TiO2 
materials, giving rise to well-crystallized porous TiO2 hollow spheres in a one pot 
reaction. For example, in a procedure developed by Yang et al., hollow anatase 
spheres were obtained by a fluoride-assisted hydrothermal reaction.92 In this synthesis, 
TiF4 solution was heated in an autoclave at 180 °C. Solid TiO2 spheres composed of 
anatase nanocrystals formed at the beginning of the reaction, while a hollowing effect 
was observed after longer reaction time. The core portion of the spheres gradually 
dissolved and re-deposited on the shell; the cavity of the spheres increased with the 
increase in hydrothermal time. Moreover, a higher concentration of TiF4 in the 
reaction gave a thicker shell due to a higher growth rate. XRD confirmed that the 
crystallinity of the materials also increased with increasing reaction time. Although 
solid TiO2 spheres can be formed at much lower temperatures, it is worth noting that 
the hollowing process does not commence at reaction temperatures below 160 °C. Pan 
et al. later found that the addition of H2SO4 in the hydrothermal reaction solution 
could greatly promote HF etching.93 
Besides using expensive TiF4 as the TiO2 precursor, hollow TiO2 spheres can be 
obtained in hydrothermal/solvothermal reactions using low cost inorganic fluorides, 
such as NH4F and NaF. In a synthesis demonstrated by Liu et al., porous TiO2 hollow 
spheres were prepared in a hydrothermal reaction containing Ti(SO4)2 and NH4F.
14 
The reaction in Teflon-lined autoclaves at 160 °C for 6 h produced TiO2 hollow 
spheres with diameters of 500-800 nm, and mesoporous walls formed out of 13 nm 
anatase nanocrystals. The spheres had a BET surface area of 168 m2 g-1 and a pore 
size of 12 nm. 
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The hydrogen peroxide-assisted hydrothermal/solvothermal methods described in 
section 2.3.2 can also prepare hollow TiO2 spheres by simply varying experimental 
conditions. Wu et al. prepared monodisperse TiO2 hollow spheres via a facile 
solvothermal reaction at 160 °C of peroxotitanium complex precursors, as shown in 
Figure 2.11.69 The morphology and crystal evolution occurred in a one-step chemical 
conversion from amorphous Ti complex microspheres to anatase TiO2 hierarchical 
hollow spheres. The process was revealed by a series of time dependent experiments. 
The unique nanostructure was assembled from well-crystallized nanospindles with 
lengths ranging from 10 to 200 nm. By simply adjusting the ammonia dosage in the 
precursor solution, the diameter of the hollow spheres could be adjusted from 400 to 
1000 nm. Moreover, the as-prepared TiO2 hollow spheres were highly porous. As an 
example, hollow spheres with a diameter of 750 nm featured mesoporosity with a 
pore size of about 20 nm and a BET surface area of 84.9 m2 g-1. 
 
Figure 2.11. (a, b) SEM and(c-e) TEM images of hierarchical TiO2 hollow spheres 
fabricated via a hydrothermal reaction of peroxotitanium complex precursors at 
160 °C for 24 h. The inset in (a) shows the histogram of the diameter distribution of 
the TiO2 hollow spheres. The scheme in (f) illustrates the development of the 
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morphology from a solid amorphous sphere to a hierarchical hollow sphere. 
Reproduced with permission.69 Copyright 2012, Royal Society of Chemistry. 
Considering the highly corrosive nature of fluoride and hydrogen peroxide in the 
material preparation, some groups have developed methods for the fabrication of 
hollow TiO2 spheres in one-pot hydrothermal/solvothermal reactions without fluoride 
and hydrogen peroxide. For example, Li et al., prepared hollow TiO2 spheres in an 
autoclave containing a mixture of TiOSO4, alcohol (methanol, ethanol or propanol), 
glycerol and ethyl ether in a molar ratio of 1:40:16:11.98 The solvothermal treatment 
was conducted at the relatively low temperature of 110 °C, producing amorphous 
TiO2 spheres with diameters ranging from 1.6 to 5.2 µm, followed by calcination at 
550 °C to obtain the crystallized hollow TiO2 spheres. In this synthesis, variable 
morphologies from solid, core-shell, sphere-in-sphere to hollow spheres can be 
obtained by varying reaction times and alcohol. In a synthesis developed by Shang et 
al., hollow TiO2 spheres were fabricated via solvothermal treatment in a reaction 
solution containing titanium (IV) chloride, ethanol and acetone.99 The reaction at 
220 °C for 12 h led to the formation of well-crystallized anatase hollow TiO2 spheres 
with a shell thickness of 40-60 nm and a size of 0.8-1.0 µm. The water required for 
the Ostwald ripening process was absent from the reaction mixture, instead being 
generated via an etherification reaction during solvothermal treatment. The size of the 
hollow spheres was adjusted by varying the ratio of alcohol to acetone. After 
calcining the solvothermally-treated samples at 600 °C, the resulting hollow TiO2 
spheres were mesoporous with a pore size of 7.0 nm and a BET surface area of 58 m2 
g-1. 
2.4.3 Combined Templating Technique and Hydrothermal/Solvothermal Process 
Considering the complexity of the synthetic procedures and the high chemical 
reactivity of the TiO2 precursors, it is very challenging to prepare hollow TiO2 spheres 
that simultaneously possess well-defined spherical morphology, good monodispersity, 
tunable particle size, adjustable shell thickness, high specific surface area, tunable 
pore size, high porosity, high crystallinity and controllable architecture. However, this 
can be realized by combining templating techniques with hydrothermal/solvothermal 
processes. The spherical morphology, monodispersity and size of the nanostructures 
are determined by the template, whereas shell thickness, surface area, pore size, and 
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crystallinity and internal morphology can be controlled by the conditions of the 
hydrothermal/solvothermal treatment such as solvent, pH, reaction temperature and 
time. 
Ding et al. obtained uniform hollow TiO2 spheres from a solvothermal reaction using 
sulfonated PS hollow spheres as templates.100 The hollow TiO2 spheres were 
constructed of highly crystalline anatase nanosheets containing large numbers of 
exposed (001) facets. In the process, the templates were first dispersed in isopropyl 
alcohol by ultrasonication. After mixing with diethylenetriamine and titanium (IV) 
isopropoxide, the suspension was sealed in an autoclave and solvothermally treated at 
200 °C for 24 h. The presence of hydrophilic functional groups in the polymeric gel 
shell led to the growth of the TiO2 nanosheets within the polymer gel matrix, giving 
rise to a hierarchical structure. After being calcined in air at 400 °C, the PS/TiO2 
composite was readily converted into hollow TiO2 spheres. The resulting hollow 
spheres possessed a mesoporous shell with a high specific surface area of 134.9 m2 g-1 
and a relatively narrow pore size distribution (5-7 nm).  
Besides polymer spheres, carbon spheres are popular templates for the preparation of 
porous TiO2 hollow spheres.
16, 18 The preparation of the carbon template is very easy 
by simple thermal decomposition of glucose in an autoclave. The resulting carbon 
sphere surface is hydrophilic and rich with functional groups (e.g. -OH and -C=O), so 
further surface modification is unnecessary for TiO2 precursor coating.
101 Moreover, 
the size of the carbon sphere can be easily controlled. Zhang et al. developed a facile 
procedure to fabricate hollow TiO2 spheres through a solvothermal process using 
TiOSO4 as the titanium source and carbon spheres as the template.
18 During 
solvothermal processing, a slow hydrolysis of TiOSO4 on the carbon surface produced 
C-TiO2 core-shell structures. Calcination of the composite at 450 °C in air led to the 
formation of crystalline porous TiO2 hollow spheres with a high BET surface area of 
106 m2 g-1 and mesoporous walls with a pore size centred at 5.5 nm. The spheres 
retained the hollow structure even when calcined at 600 °C, indicating very good 
thermal stability of the materials. 
Compared to polymer or carbon templates that can be easily burned out during 
thermal treatment or dissolved in certain organic solvents, silica is both more robust 
and stable. In some reports the silica template was etched by highly corrosive alkaline 
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solution or HF during the synthesis of hollow TiO2 spheres,
102, 103 with the formation 
of crystalline TiO2 materials being accompanied by silica etching. In a procedure by 
Leshuk et al., silica bead templates were first coated by a layer of amorphous TiO2 
sols in a sol-gel process before the formed silica/TiO2 composite was dispersed in 
water with a PH of 12.102 Subsequent hydrothermal treatment at 140 °C enabled the 
amorphous TiO2 to convert into anatase crystalline TiO2 via a dissolution-
precipitation mechanism while the silica core gradually dissolved from the outer 
surface inward. The prepared crystalline TiO2 hollow spheres possessed a highly 
porous shell and a large BET surface area of around 300 m2 g-1. 
In another synthesis, the template was itself involved as a reactant in the shell material 
synthesis process during hydrothermal/solvothermal treatment. Analogous to 
conventional hard templates, this type of template directly determines the shape of the 
resultant hollow structures. The hollowing process has been widely explained by the 
Ostwald ripening mechanism. This self-templating strategy is very attractive as it 
provides a facile route for the fabrication of porous hollow TiO2 spheres. Several 
examples are given below. 
Fluoride-mediated hydrothermal/solvothermal reactions using a self-templating 
technique have been employed to prepare porous hollow TiO2 spheres.
104-106 For 
example, Yu et al. used the fluoride-assisted crystallization of amorphous TiO2 solid 
spheres in hydrothermal reactions (as shown in Figure 2.12).105 In this synthesis, 
amorphous porous TiO2 spheres with a surface area of 103.1 m
2 g-1  were first formed 
in a sol-gel process from titanium (IV) butoxide in ethanol with the addition of KCl.71 
The as-prepared amorphous spheres were then autoclaved at 180 °C for 12 h in an 
aqueous solution of NH4F. An outward diffusion initiated from the spherical interiors, 
creating a hollow structure. This fluoride-assisted hydrothermal treatment not only 
induced the transformation of the amorphous solid TiO2 spheres to hollow TiO2 
spheres but also promoted the crystallization of anatase nanocrystals. The 
nanocrystals increased in size from 6.6 to 13.3 to 18.8 nm when the hydrothermal 
treatment time was prolonged from 0.5 to 1 to 12 h, along with an increased diameter 
of the hollow interior. The hollow TiO2 spheres were mesoporous with an average 
pore size of 11.2 nm and a BET surface area of 62.9 m2 g-1. Moreover, the molar ratio 
of NH4F to TiO2 significantly influenced the morphology of the TiO2 materials. The 
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crystallite size increased while the surface area decreased with an increase in the F/Ti 
molar ratio. 
 
Figure 2.12. A schematic representation (centre) of the synthesis of hollow TiO2 
spheres by transforming amorphous TiO2 solid spheres via hydrothermal treatment in 
the presence of NH4F. The molar ratio of F/Ti=1. TEM images (left) and 
corresponding XRD patterns (right) of the intermediate products obtained at 180 °C 
for different time periods. The scale bar in the TEM images is 100 nm. Adapted with 
permission.105 Copyright 2010, Royal Society of Chemistry. 
Pan et al. developed another approach where uniform urchin-like mesoporous TiO2 
hollow spheres were achieved via a fluoride-assisted, low-temperature (110 °C) 
hydrothermal method in the presence of a surface coating of PVP.106 The spheres 
consisted of 1D single crystal anatase (101) facet nanothorns. The synthesis started 
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with the fabrication of amorphous porous TiO2 solid spheres. The spheres were 
prepared by direct precipitation of titanium (IV) isopropoxide in a mixed ethanol-
acetonitrile solution with small amounts of H2O and ammonia. The precursor spheres 
showed a highly porous structure with a high surface area of 328.6 m2 g-1 and an 
average pore size of 3.4 nm. The porous structure facilitated the uniform adsorption of 
F− throughout the spheres. The inner cores of the amorphous spheres were selectively 
etched and hollowed by the adsorbed F-. The PVP coating played a crucial role in the 
formation of the TiO2 hollow spheres, by not only protecting the hollow structure 
from damage, but also helped to incubate the crystallization in the mother sphere 
during the hollowing process. Upon calcination at 350 °C, the synthesized TiO2 
hollow spheres showed a large surface area of up to 128.6 m2 g-1 and a pore size of 
12.5 nm. By applying this combined method, gram quantities of TiO2 hollow spheres 
can be readily synthesized.  
2.5 Hierarchically Porous TiO2 Networks  
In the late 20th century, both Stucky’s and Stein’s groups reported the preparation of 
hierarchically porous materials with well-organized multi-size pores, which opened a 
new era in the field of porous materials.107, 108 Hierarchically porous networks refer to 
materials that possess a porous structure comprising of interconnected pores on 
multiple length scales from micro- (< 2 nm) to meso- (2-50 nm) and macropores (> 50 
nm). Materials with hierarchical porosity simultaneously combine the merits of the 
different pore size regimes. The presence of micro- and mesopores provides shape and 
size selectivity for guest species, such as organic pollutants, enhancing the host-guest 
interactions, whereas macropores can significantly facilitate the diffusion to, and 
accessibility of, active sites by guest species. Since 1998,, hierarchically porous TiO2 
materials have attracted the interest of researchers from various areas because of their 
applicability in the context of heavy metal-ion adsorption,64, 109 photocatalysis,12, 110, 
111 catalysis,112 separation,113, 114 energy conversion and storage,115, 116 and 
biochemistry.117 Significant efforts have been devoted to the fabrication of these kinds 
of materials. In this thesis, template-directed approaches and template-free methods 
will be covered. 
2.5.1 Template-Directed Method 
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Templating is one of the most popularly employed methods for the preparation of 
hierarchically porous materials. TiO2 materials with a range of porous structures can 
be produced from natural templates such as starch, plant leaves, butterfly wing, wood 
and eggshell membrane. The advantages of a wide range of sources, low cost and 
environmental friendliness of natural templates make this strategy applicable to 
industrial production. 
Iwasaki et al. reported a strategy in which starch gels were used to hierarchical meso-/ 
macroporous TiO2 monoliths in combination with preformed TiO2 nanoparticles.
118 In 
the synthesis, starch gel sponges consisting of intact 3D bicontinuous macroporous 
networks were obtained by freezing and thawing potato starch gels. The prepared 
sponges were then infiltrated with colloidal suspensions of TiO2 nanoparticles that 
were deposited as coherent layers on the thin walls of the starch framework. The last 
step was to remove the starch templates by calcination. No significant disruption for 
the TiO2 framework occurred. Although there was some local collapse and 
disorganization, the calcined TiO2 monolith still featured continuous macropores. 
Depending on the TiO2 loading and starch concentration, the macropores were up to 
200 in size. The monolith composed of loosely packed aggregates of TiO2 
nanoparticles with of about 10 nm, and had wormhole-like mesoporosity and a BET 
surface area of 65 m2 g-1. 
Another natural template eggshell membrane, can be employed as a removable 
template for the synthesis of porous materials with mesopores and macropores. 
Eggshell membrane shows good stability in aqueous and alcoholic media. Yang et al. 
used eggshell membrane as a template to prepare hierarchically ordered macroporous 
networks comprised of anatase nanocrystals (Figure 2.13).119 The membrane, which 
consisted of interwoven and coalescing fibers ranging from 0.5 to 1.5 µm, was 
obtained by rinsing the eggshell with diluted HCl to dissolve the CaCO3 shell. A sol-
gel coating procedure was performed by the hydrolysis of titanium (IV) butoxide 
under neutral or acidic conditions in the presence of acetyl acetone. Upon heating the 
eggshell membrane template underwent pyrolysis and was finally removed by 
calcination at 500 °C. The TiO2 networks possessed a macroscopic thin film 
morphology of around 25 µm thick. The film was a macroporous network consisting 
of interwoven TiO2 tubes. The diameter of the tubes was less than 1.4 µm and the tube 
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walls were comprised of anatase nanocrystals with a diameter of around 10 nm. Gas 
sorption characterization indicated mesoporosity with a BET surface area of 62 m2 g-1 
and an average pore size of 8.2 nm.  
 
Figure 2.13. SEM images of (a) eggshell membrane, and the TiO2 network obtained 
by templating the eggshell membrane using a neutral hydrolysis method in (b) 
overview of the surface, (c) cross section and (d) high magnification of the cross 
section displaying broken hollow tubes.  Reproduced with permission.119 Copyright 
2002, Wiley. 
Agarose, a polysaccharide generally extracted from seaweed, can form a porous gel 
by heating agarose powder in water and cooling at room temperature. The gel can 
serve as a template for the preparation of porous TiO2 nanostructures.
120 In a synthesis 
reported by Cao et al., hierarchically porous TiO2 networks with 3D interconnected 
porous frameworks were prepared using agarose gel as template; the gel was obtained 
by heating agarose powder in water (1 wt.%) under stirring, then placing it into a glass 
mould and aging at room temperature. Before serving as the template, the water in the 
agarose gel was removed by solvent exchange. TiO2 was coated on the agarose 
structure by a sol-gel process. The hybrids were calcined at 500 °C producing anatase 
TiO2 networks. The networks contained interconnected macropores which ranged 
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from 80 to 200 nm in diameter. The specific surface area was 71.0 m2 g-1. After 
calcination at 600 °C, the macroporous structure was retained while slightly enlarged 
titania crystals were observed, giving a decreased surface area of 36.6 m2 g-1 and 11.7 % 
rutile phase. 
Besides natural templates, hierarchically porous TiO2 can also be produced by 
synthetic templates. A macroporous synthetic polymer is an excellent template 
candidate for a template due to its good stability, easy removability and structural 
variability. The chemical and mechanical stabilities of the polymer in the templating 
process are critical to maintaining structural integrity, while the removal of the 
polymer is relatively easy, which can be realized by either pyrolysis or solvation. 
Polymers are available in a wide variety of sizes, shapes and porous structures, giving 
final materials with versatile morphological characteristics. For instance, Caruso et al. 
demonstrated a polymer gel templating procedure to fabricate hierarchically porous 
TiO2.
121 The homogeneous and porous polymer gel was prepared by heating a mixture 
of Brij 58 (surfactant), acrylamide and glycidyl methacrylates (monomers) and 
ethylene glycol (cross-linker). To remove the added surfactant, the polymer was 
cleaned by Soxhlet extraction in ethanol and agitation in water. Next, a solvent 
exchange process was applied to replace water by 2-propanol. The solvent exchanged 
polymer gel pellets were soaked in titanium (IV) isopropoxide for 6 h under stirring 
and then transferred into a mixed solution of 2-propanol and water (50:50 by volume) 
to induce hydrolysis. To pyrolyze the organic component, the dried hybrids were 
calcined at 450 °C. TiO2 was also crystallized during the calcination process. The 
resulting TiO2 showed a coral-like structure with a wall of about 100-150 nm in 
thickness and macropores ranging from 100 nm to micrometers in diameter. 
Following this work, various other polymer gels with different chemical and physical 
properties were employed to produce TiO2 and the effect of template properties on the 
structure of the final network was studied.122 Variations in pore morphology and size 
depended on the template, pore diameters ranged from 3 nm to 3 µm. 
Colloidal crystals are another commonly employed synthetic template to produce 
macroporous (>50 nm) or large mesoporous (>10 nm) structures. Both inorganic (e.g., 
colloidal silica particles) and organic materials (e.g., polymer spheres) can be 
employed as colloidal crystal templates. Colloidal crystals are an ideal template for 
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producing well-ordered, periodic pore structures. To produce a hierarchically porous 
structure, this approach can be combined with either hard or soft templating 
approaches. For example, Du et al. prepared hierarchically ordered macro-
mesoporous TiO2 films through a confinement self-assembly method within the 
regular voids of a 3D periodic colloidal crystal.123 Copolymer surfactant Pluronic 
P123 and PS spheres served as the mesostructured template and macrostructured 
scaffold, respectively. PS opal templates with a size of 300 nm, synthesized by a 
surfactant-free emulsion polymerization reaction, were settled on a glass substrate by 
the vertical deposition method.124 The glass substrate covered with the PS film was 
then immersed vertically into a sol suspension containing Pluronic P123, ethanol (or 
THF), titanium (IV) chloride and titanium (IV) isopropoxide. During the immersion 
process, the sol slowly penetrated the voids in the template due to the action of 
capillary forces. Complete hydrolysis and condensation of the TiO2 precursor only 
happened after withdrawing the template out of the solution. Following rinsing with 
water and drying in vacuum, the resulting film was calcined to produce macro-
mesoporous anatase TiO2 networks. The macropores with a size of approximately 200 
nm were directly derived from the colloidal crystal template.  
However, this was smaller than the original colloid (300 nm) due to pyrolysis of the 
template and subsequent shrinkage of the framework during calcination. The 
macropores were well-interconnected, while the macropore wall contained mesopores 
of around 3 nm. 
2.5.2 Self-Assembly Method 
The synthesis and removal of templates is not only labor intensive but also 
environmentally unfriendly due to the use of chemical solvents or high temperatures, 
therefore rendering scaling-up a great challenge. In recent years, the self-assembly 
method has become a facile and versatile bottom-up approach to prepare 
hierarchically porous materials with well-defined morphologies.  
In 2004, Collins et al. described a facile procedure to produce hierarchical porous 
TiO2, in which ordered macroporous TiO2 was spontaneously formed by simply 
dropping titanium alkoxides (e.g. ethoxide, propoxide, isopropoxide or butoxide) into 
an aqueous? ammonia solution (5 wt%) without agitation and in the absence of 
surfactants.125 SEM revealed that the fragments of titanium (IV) n-propoxide-derived 
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TiO2 materials consisted of a pseudo-hexagonally ordered porous interior of co-
aligned channels. The channels radiated inwards from a smooth and curved particle 
surface and were typically up to 100 m in length and 1 to 10 m across. Channel 
ordering levels and diameters highly depended on the hydrolysis rates of the titanium 
alkoxide precursors. The total BET surface area of the as-synthesized TiO2 sample 
derived from titanium (IV) isopropoxide was 368 m2 g-1 and the micropore area was 
up to 270 m2 g-1. Accordingly, the pore size distribution was centred at about 1.5 nm, 
which was determined by the Barrett-Joyner-Halenda method. After calcination at 
800 °C, the amorphous TiO2 wall structures were converted into a mixture of 
crystalline anatase and rutile, resulting in a decreased total surface area of 92 m2 g-1. 
The decrease in surface area was attributed to an increase of crystal size in the channel 
walls during sintering, along with an increase in pore size to 3.5 nm.  
Extending the work by Collins et al., Yu et al. fabricated hierarchical macro-
/mesoporous TiO2 materials by simple dropwise addition of titanium (IV) butoxide to 
water in the absence of templates or additives at ambient temperature.111 The TiO2 
materials were amorphous, exhibiting relatively homogeneous and long-range 
periodical pores. The pores were 2–4 µm in diameter and the walls of the pores were 
1–2 µm in thickness. The specific surface area was as high as 328 m2 g-1 with a high 
pore volume of 0.21 cm3 g-1. Upon calcination at 300 °C, macropore structure was 
well preserved and the materials were converted into anatase TiO2 with a crystal size 
of 5.9 nm, specific surface area of 206 m2 g-1 and pore volume 0.19 cm3 g-1. The same 
group reported the preparation of sponge-like macro-/mesoporous TiO2 by a 
hydrothermal treatment of the precipitates of titanium (IV) butoxide in water in the 
absence of any templates or additives.110 In this study the as-prepared materials 
exhibited an increase in crystallinity, average anatase crystallite size, pore size and 
pore volume for increasing hydrothermal time, while specific surface area decreased. 
All TiO2 samples hydrothermally treated at 180 °C displayed trimodal pore-size 
distributions in the macro-/mesopore range: fine intraparticle mesopores (peak pore 
diameters of 3.7–6.9 nm), larger interparticle mesopores (peak pore diameters of 23–
39 nm), and macropores (pore diameters of 0.5–3.0 μm).  
Alternatively, combining sol-gel chemistry and phase separation is another promising 
technique for fabricating hierarchical porous materials, which has attracted great 
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interest in recent years. In 1999, Nakanishi et al. first demonstrated that the structure 
of macroporous silica can be controlled through a sol-gel process accompanied by 
phase separation.126 The fabrication of a silica gel with well-defined, interconnected 
macropore was realized by incorporating a water-soluble polymer into an 
alkoxysilane-based sol-gel process. Later, this method was extended to the synthesis 
of macroporous TiO2 materials using the high reactivity of the titanium alkoxide 
precursors. For example, Konishi et al. prepared TiO2 monoliths with well-defined 
macro- and mesopores by combining the sol-gel process and phase separation.127 In 
this synthesis, monolithic TiO2 gels were generated from the starting solution 
containing titanium (IV) isopropoxide, HCl, formamide and H2O. The desired pore 
structure was achieved by carefully controlling the hydrolysis and condensation 
reactions of the titanium alkoxide. Large size anatase TiO2 monoliths were obtained 
by increasing the solution pH. The well-defined interconnected macropores in the 
TiO2 monoliths were produced by concurrent phase separation and sol-gel transition 
induced by the polymerization reaction; the size and porosity of the macropores were 
controlled by using different starting compositions. By heating the sample to 300 °C, 
TiO2 monoliths composed of anatase particles of 5.0 nm were formed. The calcined 
materials had BET surface areas of 150 m2 g-1 and mesopores centred at 5 nm. 
Additionally, Hasegawa et al. recently developed a facile method for the fabrication 
of hierarchical porous TiO2 monoliths via the sol-gel route in combination with phase 
separation in the presence of chelating agent and mineral salts.114, 128, 129 In a typical 
synthesis of hierarchically TiO2 monoliths,
114 polyethylene oxide was added to a 
homogeneous yellow solution of titanium (IV) n-propoxide, 1-propanol and the 
chelating agent ethyl acetoacetate. Then, ammonium nitrate was added at 40 °C and 
the solution was kept at this temperature for 24 h. To obtain crack-free monoliths, the 
gels underwent a stepwise solvent exchange process from ethanol to water. After 
drying of the wet gels, the resulting gels were calcined to obtain TiO2 monoliths with 
high crystallinity. The monolithic TiO2 constructed from anatase crystallites had a 
specific surface area higher than 200 m2 g-1.  
2.6 Applications of Highly Crystalline Porous TiO2 Nanostructures in 
Photocatalysis  
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As mentioned in the introduction (section 2.1), TiO2 materials have been widely 
investigated and show high promise in a range of applications. The following sections 
present photocatalysis applications that relate to this thesis. 
2.6.1 Pure TiO2 Photocatalysts 
TiO2 nanoparticles are promising candidates for photocatalysis. It has been 
demonstrated that the crystal size has a significant effect on the photocatalysis 
performance.130-132 Chae et al. reported the preparation of TiO2 nanoparticles by the 
hydrothermal reaction of titanium isopropoxide stabilized in acidic ethanol/water 
solution at 240 °C.132 The size of the TiO2 nanoparticles was controlled from 7 to 25 
nm by simply tailoring the composition of the solvent system along with the 
concentration of the Ti precursor. The photocatalytic activity of the TiO2 
nanoparticles for the decomposition of 2-propanol was also studied: 7- nm-sized 
particles demonstrated a 1.6 times better photocatalytic performance 1.6 times better 
than that of commercial Degussa P25, whereas 15- and 30  -nm-sized particles 
displayed lower photocatalytic efficiencies.  
One-dimensional (1D) TiO2 nanostructures, such as nanowires (nanofibers), nanobelts, 
nanorods and nanotubes, are often regarded as highly efficient photocatalysts due to 
their fast charge transport and the reduced recombination rate of hole–electron 
pairs.133, 134 By a simple hydrothermal post-treatment of titanate nanotubes, Yu et al. 
prepared mesoporous anatase TiO2 nanofibers before examining their potential for the 
photocatalytic oxidation of acetone. The effects of hydrothermal post-treatment time 
on the material properties, such as phase structure, crystallinity, crystal size, 
morphology, specific surface area and pore structure were investigated, and the 
relationship between these properties and the photocatalytic activity of the 
mesoporous TiO2 nanofibers was discussed. TiO2 nanofibers treated at 200 °C for 
between 3 and 24 h showed better photocatalytic activity than P25. The enhanced 
photocatalytic performance was attributed to the smaller crystal size, larger specific 
surface area and higher pore volume of the TiO2 nanofibers. Wu et al. designed 
single-crystalline anatase TiO2 nanobelts with two dominant surfaces of the (101) 
facet and assessed the photocatalytic activity by measuring the degradation of methyl 
orange under UV-A light radiation.135 The nanobelt structure exhibited enhanced 
photocatalytic activity over nanoparticle counterparts with an identical crystal phase, 
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similar specific surface area and similar photo adsorption efficiency. The promoted 
performance was attributed to exposed (101) facets of the nanobelts producing an 
enhanced reactivity with O2 molecules, which facilitated the generation of O2
-, and the 
lower electron-hole recombination rate of the nanobelts compared to the nanospheres. 
The results indicated that the photocatalytic activity of nanocrystals is remarkably 
affected by tailoring the shape and the surface crystal structure of photocatalysts. 
Progress in the synthesis of sub-micrometer mesoporous TiO2 beads promises well for 
their widespread use in photocatalysis. Compared to nanoparticulate photocatalysts, 
sub-micrometer beads could improve the recyclability of the catalytic materials at the 
finish of the photocatalytic reaction because they can be relatively easily removed 
either by traditional sedimentation methods or by combining with membrane filtration 
technology. Wang et al. recently prepared monodisperse mesoporous TiO2 beads by 
calcining hybrid TiO2 beads at temperatures from 500 to 800 °C for 2 to 24 h and then 
studied their photocatalytic activities by the photodegradation of methylene blue 
under UV light radiation.136 They successfully established a correlation between 
calcination conditions, materials properties (i.e. crystal phase, crystallinity, crystallite 
size, surface area, porosity, pore size and diameter, and surface hydroxyl groups) and 
photocatalytic activities. For example, with increasing calcination temperature and 
time, the crystal size increased and the crystallinity of the anatase TiO2 materials was 
enhanced. The high crystallinity of the anatase phase effectively decreased the 
recombination of photogenerated electrons and holes due to less surface defects being 
present. However, the surface area decreased with prolonged calcination temperature 
and time which limited the diffusion of organic species and accessibility to the active 
sites on the TiO2 surface. Ultimately, maximum activity was achieved when the 
hybrid beads were calcined at 650 °C for 2−8 h, with the resultant anatase bead 
having a diameter of approximately 700 nm.  
Hollow structured TiO2 spheres have been widely investigated for photocatalytic 
decomposition of organic pollutants.97, 98, 103, 105, 111, 137 One of the early works carried 
out by Li et al. utilized hollow TiO2 spheres with tunable interior structures as 
heterogeneous catalysts for the photodegradation of phenol.98 The resulting TiO2 
hollow spheres possessed a relatively large specific surface area and the possibility for 
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multiple reflections of UV light, endowing the spheres with properties that greatly 
favoured photocatalytic reaction 
Anatase TiO2 nanocrystals with exposed high-energy, highly reactive (001) facets 
show a high photocatalytic performance. On the basis of theoretical predictions, Yang 
et al. first succeeded in synthesizing anatase TiO2 single crystals with large amounts 
of (001) facets (47 %) via a hydrothermal treatment method utilizing HF as a capping 
agent.138 Later, employing a water/2-propanol solvothermal synthetic route, the same 
group prepared anatase TiO2 single-crystal nanosheets possessing 64% (001) facets.
139 
In this synthesis, 2-propanol served as a synergistic capping agent as well as a 
reaction medium together with HF. By evaluating the active hydroxyl radicals species 
with a terephthalic acid scavenger, anatase TiO2 single crystals with high percentages 
of reactive facets exhibited superior photoreactivity (more than 5 times) over the 
benchmarking material, P25. Following these pioneering studies by Yang and co-
workers, various anatase TiO2 crystals with exposed (001) facets have been 
prepared.15, 100, 140-148 Recently, TiO2 spheres containing (001) facets were 
demonstrated to have greatly enhanced photocatalytic activity. For example, Zhao et 
al. synthesized mesoporous anatase TiO2 spheres with a high surface area and 
exposed (001) facets using a fluorine-free hydrothermal method,15 conducting the 
hydrolysis and condensation of titanium (IV) butoxide in a dilute H2SO4 solution 
during hydrothermal processing. H2SO4 solution during the hydrothermal process. 
H2SO4 played a dual role acting as a phase inducer for anatase and as a capping agent 
to stabilize the (001) facet. The capping agent was removed by water. The resulting 
TiO2 spheres were comprised of pearl-like, long 1D nanorod crystals with an average 
diameter of approximately 3.60 µm. The nanorods were about ~20 nm wide and 0.5–
1.5 µm long. To investigate the photocatalytic performance, rhodamine B was 
employed as a probe molecule. The nanostructured TiO2 spheres displayed enhanced 
photocatalytic degradation in comparison to P25. 
Hierarchically porous TiO2 networks are frequently used as photocatalysts. For 
example, Li et al. prepared porous TiO2 material with an aligned channel structure via 
a dual surfactant template, and evaluated photocatalytic activity through the 
degradation of rhodamine B.149 The materials possessed a unique structure with 10-20 
nm pores at the surface and 100-200 nm channels in the interior, showing good 
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activity for rhodamine B degradation. In addition, the photocatalytic activity of the 
material was higher than that of a randomly orientated macroporous system. The 
improvement in the photocatalytic activity was ascribed to increased photon scattering 
and absorption efficiency, while the well-patterned channels effectively assisted the 
diffusion and transport of reactants within the TiO2 frameworks. Caruso et al. 
obtained highly porous TiO2 networks by templating polymer gels and tested the 
photocatalytic activity of these structures by decomposing salicylic acid in an aqueous 
solution under air.122 The porosities of the resulting networks were as high as 99 % 
and surface areas were in the range of 5-100 m2 g-1. The TiO2 materials displayed 75 % 
of the photocatalytic activity of P25. 
Mixed-phase TiO2 structures, such as anatase-rutile and anatase-TiO2(B) show great 
potential in photocatalysis applications. Yang et al. synthesized mixed-phase 
nanofibers with an anatase shell and TiO2(B) single crystal core.
20 The materials were 
prepared from H2Ti3O7 nanofibers by two consecutive partial phase transition 
processes, in which the hydrothermal treatment was combined with heating processes. 
The mixed-phase nanofibers with well-matched anatase and TiO2(B) phase interfaces 
exhibited excellent photocatalytic activity for the degradation of the organic dye 
sulforhodamine B under UV light. The performance of the materials was superior to 
the benchmark photocatalyst P25. 
2.6.2 Modifications of TiO2 Photocatalysts 
As mentioned previously, the light absorption ability and the rate of electron-hole 
recombination are crucial factors influencing TiO2 photocatalytic activity. Hence, 
considerable research has been devoted to these areas. Currently, two main routes are 
adopted to enhance the light absorption of TiO2. The first method is to tailor TiO2 
nanostructures to prolong the effective path length of incident light by applying 
physical concepts (e.g., multiple reflections in hollow TiO2 spheres,
98, 137 or Mie 
scattering by TiO2 spheres of size comparable to the incident wavelength
150, 151) or 
spatial structuring (e.g., the slow-light effect in periodic TiO2 photonic crystals
152). 
The second method to enhance light absorption by TiO2 is to change the band gap; the 
highly efficient use of light in TiO2 materials is significantly prevented by the wide 
band gap. Anatase TiO2 has a band gap of 3.2 eV, meaning it can only absorb UV 
light with wavelengths less than 387 nm, which is only 5 % of the solar spectrum.153 
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Therefore, shifting the onset of the optical response from the UV to the visible or near 
infrared region is an effective and feasible approach to improve light absorption. 
Ways to achieve this goal include chemical doping with metal or non-metal elements 
and sensitizing TiO2 with inorganic or organic compounds. In addition, the 
photocatalytic performance of TiO2 can be promoted by suppressing electron-hole 
recombination, which can be realized by introducing foreign elements, sensitizing or 
forming semiconductor hetero-structures. The following three sections give a brief 
introduction to the fabrication of modified TiO2 materials and their applications in 
photocatalysis. 
2.6.2.1. Metal Modified TiO2 
Metal ion doping is beneficial for the formation of new energy levels, enhancing 
visible light absorption or altering the lifetime of charge carriers.154 Various metal 
ions, such as Fe3+,155-158 V4+,159 Sn2+,160 and Sn4+,161 have been successfully doped into 
TiO2 nanomaterials and enhanced photocatalytic activities for the degradation of 
organic pollutants were achieved. For example, Wu et al. reported that vanadium 
doping showed great potential to improve the photocatalytic activity of TiO2 under 
visible light irradiation.159 The V-doped TiO2 was prepared using modified sol–gel 
methods. UV-visible (UV-Vis) absorption spectra demonstrated that the absorption of 
light shifted towards the visible region with increasing vanadium doping. According 
to X-ray absorption spectroscopy, V4+ was regarded as having either substituted for 
Ti4+ or been embedded in the vacancy of the TiO2 structure. The photocatalytic 
activity of the V-doped TiO2 photocatalyst was evaluated by the degradation of 
crystal violet and methylene blue and an enhanced photocatalytic performance was 
observed compared to pure TiO2. Recently, efforts have been made to dope TiO2 with 
Fe3+ions.155-158 The ions are easily incorporated into the crystal lattice of TiO2 as the 
radius of Fe3+ (0.79 Å) is similar to that of Ti4+ (0.75 Å). Ambrus et al. prepared 
Fe(III)-doped TiO2 photocatalysts by a co-precipitation approach using acidic 
solutions of TiCl3 and FeCl3. Photocatalytic activity was assessed by the degradation 
of phenol under UV-vis irradiation and visible light irradiation. Diffuse reflectance 
spectroscopy indicated that the light absorption of the Fe-doped samples was red 
shifted compared to the pure sample. The best photocatalytic performances were 3.0 
at.% for UV-vis irradiation and 1.2 at.% for visible irradiation. However, the role of 
metal ions in TiO2 is controversial, because they can also serve as electron-hole 
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recombination centres, resulting in a reduction of the photocatalytic activity. Martin et 
al. reported V-doped TiO2 nanoparticles showed inferior photocatalytic activity on the 
photooxidation of 4-chlorophenol compared to pure TiO2 nanoparticles.
162  
Loading noble metal nanoparticles of Ag, Au, Os, Pd, Pt, Ru, or Rh onto the TiO2 
surface can greatly enhance photocatalytic activity.154, 163 The mechanisms for 
enhanced photocatalytic activity under UV and visible light are different. For 
photocatalysis under UV light, the noble metal serves as an electron sink,164 while 
under visible light the metal acts as a sensitizer to enhance the absorption over a broad 
UV/Vis/NIR spectroscopic range due to its strong localized surface plasmon 
resonance.165 
2.6.2.2 Non-metal Modified TiO2 
There are three main mechanisms to explain the effect of non-metal doping on the 
photocatalytic activities of TiO2 catalysts: 1) band gap narrowing;
13 2) creation of 
oxygen vacancies,166; and 3) formation of intra-band gap surface states.167 In some 
cases, combinations of these mechanisms are required.168 A schematic diagram in 
Figure 2.14 illustrates the possible changes of band gap structure of anatase TiO2 on 
doping with versatile non-metals.169 
 
 
Figure 2.14. Scheme displaying the possible changes of the band gap structure of 
TiO2 on doping with various non-metals: (a) pure anatase TiO2; (b) doped TiO2 with 
localized dopant levels near CB and VB; (c) band gap narrowing from VB broadening; 
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(d) localized dopant levels and electronic transitions to the CB, and; (e) electronic 
transitions of dopant levels near the VB to corresponding excited states for Ti3+ and F+ 
centres. Adapted with permission.169 Copyright 2006, American Chemical Society. 
Doping TiO2 with non-metal elements, such as C,
170 N13 and S171 can readily induce 
band gap narrowing and extend the photocatalytic response to the visible light range, 
leading to improved photocatalytic activity under visible light. N doping has been the 
most studied. In 2001, Asahi et al. prepared N-doped crystalline TiO2 by sputtering a 
TiO2 target in a N2(40%)/Ar gas before annealing at 550 °C in N2 gas for 4 h. As 
determined by XRD, the resultant material was a mixture of the anatase and rutile 
phases. Compared to undoped TiO2 material, the N-doped TiO2 showed noticeable 
absorption of light over 400 nm. The photocatalytic activity was evaluated by 
measuring the degradation of methylene blue. N-doped TiO2 showed much higher 
photocatalytic performance than pure TiO2 in the visible light region.
13  
Although N-doped TiO2 shows great optical response to solar radiation, its absorption 
in the visible and infrared region is not sufficient and can be further improved. 
Recently, Chen et al. reported that optical absorption in the visible light and near-
infrared regions was significantly enhanced and photocatalytic activity was greatly 
improved through a hydrogenation process.172 By treating highly crystalline TiO2 
nanocrystals in a 20.0 bar H2 atmosphere at 200 °C for 5 days, TiO2 with a crystalline 
core and a highly disordered surface layer (approximately 1 nm) was prepared (as 
shown in Figure 2.15). The VB position was shifted up by 2.18 eV, resulting in the 
energy gap between the VB and CB being dramatically narrowed. Diffusive 
reflectance and absorbance spectroscopy revealed that the onset of optical absorption 
was drastically shifted from the UV region to the near-infrared (approximately 1200 
nm). The enhancement in the light absorption of hydrogenated TiO2 was attributed to 
surface disorder and the formation of oxygen vacancies. Furthermore, hydrogenated 
TiO2 exhibited greatly improved photocatalytic performance in the decomposition of 
methylene blue and phenol under solar light. Although absorption was improved in 
the visible light region, the enhanced photocatalytic activity was mainly ascribed to 
the inhibited recombination of photogenerated charge carriers in the midgap state in 





Figure 2.15. (a) Photograph of pure (white, left) and hydrogenated TiO2 (black, right). 
(b) High resolution TEM images of hydrogenated TiO2; (c) UV-vis spectra of pure 
and hydrogenated TiO2. (d) A schematic illustrating the density of states of pure and 
hydrogenated TiO2. Reproduced with permission.
172 Copyright 2011, Science. 
2.6.2.3 Coupled Semiconductor Photocatalysts 
Recently, much effort has been dedicated to the preparation of coupled 
semiconductors. Compared to a single-phase photocatalyst, a UV-excited wide band 
gap semiconductor (e.g., TiO2) coupled with a visible light-excited narrow band gap 
semiconductor (e.g., CdS or Fe2O3 as shown in Figure 2.16) can greatly enhance 
charge separation, as CB electrons can be easily injected from the narrow band gap 
semiconductor to the wide band gap semiconductor, as well as effectively improve 
solar energy utilization efficiency since the synergistic absorption of the two 
semiconductors extends the light response range. 
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Figure 2.16. The band edge position of several widely studied semiconductors using 
the normal hydrogen electrode as a reference. Adapted with permission.175 Copyright 
2013, Royal Society of Chemistry. 
Since early 1980s, the coupling effect between TiO2 and CdS has been studied, 
usually with CdS as the primary component in the CdS/TiO2 couple.
154 Recent 
research has reversed this trend by using only a small amount of CdS. In this case, 
CdS absorbs visible light and serves as a sensitizer. As shown in Figure 2.16 the 
position of both the CB and VB in CdS is higher than that in TiO2. The smaller band 
gap of CdS (approximately 2.4 eV) makes it possible to absorb visible light to induce 
the generation of electrons and holes. Excited electrons can be subsequently injected 
from the CB of CdS to the CB of the TiO2. Owing to this charge separation under 
visible light illumination, coupled TiO2/CdS has been widely employed to enhance 
photocatalytic performance. For example, Yu et al. reported that utilization of 
nanosized CdS to couple with nanocrystalline TiO2 improved photocatalytic activity 
under visible light irradiation.176 The CdS/TiO2 composite was prepared by a 
microemulsion-mediated solvothermal method. In the synthesis, titanium 
isopropoxide was first added to water under stirring, then Cd(NO3)2 and (NH4)2S were 
successively added under vigorous stirring. After co-precipitation of Cd(NO3)2 
and(NH4)2S in water droplets, microemulsion colloids containing CdS and TiO2 were 
generated. Finally, to obtain nanosized CdS-sensitized TiO2 nanocrystals, the colloids 
were transferred to a Teflon-lined stainless steel autoclave and solvothermally treated 
at 200 °C for 12 h. The photocatalytic activity of the CdS/TiO2 photocatalyst was 
evaluated by the degradation rate of methylene blue in an aqueous solution under 
visible light irradiation (λ > 400 nm). Compared with pure TiO2, CdS/TiO2 
nanocrystals exhibited greatly enhanced performance due to effective separation of 
photogenerated carriers through the interaction of CdS and TiO2. This efficient 
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separation results in the formation of Ti3+ which was observed using EPR 
spectroscopy. 
In another type of coupled semiconductor system, the position of the CB and VB of 
TiO2 is higher than the semiconducting counterpart, e.g. WO3/TiO2 and SnO2/TiO2. 
Such coupled semiconductors show greatly enhanced photocatalytic activity towards 
organic pollutant degradation, which is mainly attributed to improved spatial 
separation between the electrons and holes in the photocatalysts, along with increased 
surface acidity.154, 163 For example, Leghari et al. prepared WO3/TiO2 composites by a 
template-free synthesis approach in a hydrothermal reaction.19 Compared to pure TiO2, 
P25 and pure WO3, a 5.0% WO3 composite exhibited the highest photocatalytic 
activity for degradation of methyl orange and 2,4-dichlorophenol under both UV and 
visible light illumination. The enhanced performance was ascribed to the inhibition of 
electron-hole recombination due to WO3 incorporation as shown in this equation: 
W6+ + e− → W5+    (10) 
Recently, the use of conventional photocatalysts like TiO2 and ZnO hybridized with a 
p-conjugated material (e.g. graphene or C3N4,) has been considered to be an effective 
strategy for promoting visible light-responsive photocatalytic performance.177 The 
enhanced photocatalytic activity of the p-conjugated materials is mainly ascribed to 
the presence of their p-conjugated electron systems, high mobility charge carriers and 
high absorption coefficients in the visible light part of the spectrum.177 Zhang et al. 
prepared a P25-graphene composite using a facile one-step hydrothermal method.178 
The P25-graphene photocatalyst demonstrated a significant enhancement over bare 
P25 and P25-carbon nanotubes in the photodegration of methylene blue under both 
UV and visible light irradiation. The enhanced photocatalytic activity was attributed 
to not only the greater adsorptivity of the dye and the extended light absorption range, 
but also to the enhanced charge separation and transportation. 
2.7 Conclusions 
To date, TiO2-based photocatalysis has been universally considered as one of the most 
promising strategies for treating wastewater due to its unique features including high 
physical and chemical stability, low cost, low toxicity, easy availability and excellent 
photoactivity. Among TiO2 crystal phases, anatase and rutile are the most studied for 
photocatalysis, where rutile represents the thermodynamically stable form while 
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anatase shows higher photocatalytic performance than rutile. However, enhanced 
photocatalytic activities were often observed for anatase-rutile mixed phase TiO2 (e.g. 
commercial P25). The improved performance is explained by the spatial separation of 
photogenerated electrons and holes induced by the synergistic effect between anatase 
and rutile. The reaction conditions such as impurities/dopants and anatase crystal size, 
as well as packing characteristics can affect the kinetics of the anatase-to-rutile phase 
transformation.  
Besides the phase composition, morphology, crystal size, surface properties, surface 
area, porosity and crystallinity all have a great effect on photocatalytic efficiency. 
Over the past decade, substantial progress has been made in the synthesis of a variety 
of TiO2 nanostructures. Porous TiO2 spheres can be prepared in several ways, 
including sol-gel templating techniques, direct hydrothermal/solvothermal methods or 
by combining sol-gel chemistry and hydrothermal/solvothermal processes. Extending 
the area of TiO2 spheres further, in the preparation of hollow TiO2 spheres similar 
techniques can be employed (e.g. hard and soft templating, one-pot 
hydrothermal/solvothermal technique and the combined processes of templating 
technique and hydrothermal/solvothermal treatments). Hierarchically porous TiO2 
networks can also be fabricated by similar means. The materials were prepared by 
template-directed methods or self-assembly approaches. 
Among the wide spectrum of metal oxide semiconductors, TiO2 has attracted attention 
owing to its recognized excellent performance as a photocatalyst under UV light 
irradiation. The main drawbacks of TiO2-based photocatalysts arise from the wide 
band gap (3.2 eV for anatase and 3.0 eV for rutile), which restricts light absorption to 
the UV-light region, and the rapid recombination of photogenerated charge carriers, 
which suppress the quantum efficiency. Together these limit the industrial 
applications of TiO2-based photocatalysts. To promote TiO2 photocatalytic 
performance a number of strategies have been adopted, such as introducing foreign 
elements (metal/non-metal), sensitizing and forming heterostructures between two 
semiconductors with different energy band gaps.  
TiO2 photocatalysts have been widely investigated for the decomposition of organic 
pollutants, with the results holding great promise for the further development of 
sustainable environmental remediation technologies based on photocatalytic reactions. 
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Although great progress in the heterogeneous photocatalytic treatment of organic 
species in aqueous media using TiO2 photocatalysts has been achieved, the limited 
photocatalytic performance as a result of the fast recombination between 
photogenerated electrons and holes, few and inaccessible active sites and low light 
utilization efficiency has restrained its practical application.  
Based on above literature review, it is clear that the most relevant features affecting 
the photocatalytic activity of titania materials include 1) crystallinity, this feature 
controls the defects within the titania matrix and therefore affects the recombination 
between photogenerated electrons and holes; 2) specific surface area and porosity: 
high surface area and porosity can ensure the presence of abundant and accessible 
active catalytic sites for reaction; 3) crystal phase and the anatase to rutile phase ratios 
of the materials that affect the formation of junctions between anatase and rutile 
phases and therefore enhance the lifetimes of the photogenerated electrons and holes. 
To achieve high performance titania photocatalysts, simultaneously optimising the 
above features of the titania materials would lead to highly efficient materials suitable 
for photocatalysis application. 
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Chapter 3. Hierarchically Porous Titania Networks with 
Tunable Anatase : Rutile Ratios and Their Enhanced 
Photocatalytic Activities 
3.1 Introduction 
Titania has been widely studied for photocatalytic application in recent years due to its 
superior photocatalytic activity, excellent photo- and chemical stability, nontoxicity 
and relatively low cost.1-7 To enhance the photocatalytic activity for practical 
application, numerous strategies have been applied to improve the effectiveness of this 
photocatalyst.8-21 Among these methods, forming anatase-rutile mixed phase 
photocatalysts is generally viewed as an effective and low-cost method because this can 
be realized through a facile and industry favored solid state phase transformation 
process.21-27 However, exaggerated grain growth of rutile crystals usually occurs along 
with the formation of unavoidable mixed-phase titania agglomerates when the 
precursors are sintered at an elevated temperature. This gives rise to photocatalysts with 
significantly reduced specific surface area and porosity, and therefore limits their 
effectiveness in practical applications. 
In this chapter, a simple and feasible method to fabricate mixed phase porous titania 
networks (PTNs) with tunable anatase : rutile ratios and high specific surface areas is 
demonstrated. Such mixed phase PTNs can be prepared by calcining hierarchically 
porous titania materials derived from a facile sol-gel templating process. The 
hierarchically porous titania possesses a substantially reduced contact area between 
particles, and hence between nanocrystals during calcination. This significantly 
decreases the probability of interface nucleation of the rutile crystal phase thereby 
retarding the phase transformation while being heated at a relatively low temperature 
(600 °C). The photocatalytic activities of these PTN materials with different rutile 
contents and specific surface areas were examined by monitoring the photodegradation 
of methylene blue. The results were compared to the photocatalytic activities of control 
samples prepared in the absence of templates showing a significant enhancement when 
the morphology and phase was controlled. 
This study provides a feasible method for fabricating hierarchically porous titania 
networks by adjusting the phase transformation kinetics of the solid-state reaction, and 
65
allows rational design of advanced photocatalysts with optimized composition and 
physical properties (e.g. high specific surface area and controllable porosity). This 
study focuses on controlling the properties of the titania photocatalysts that have 
potential application in water purification and environmental remediation and has been 
published in ACS Applied Materials & Interfaces. The published manuscript and the 
supporting information are presented in section 3.2. Reprinted from “Hierarchically 
Porous Titania Networks with Tunable Anatase : Rutile Ratios and Their Enhanced 
Photocatalytic Activities. ACS Appl. Mater. Interfaces, 2014, 6, 13129-13137”, 
copyright (2014), with permission from the American Chemical Society. 
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ABSTRACT: Mixed-phase hierarchically porous titania net-
works (PTNs) with 3D interconnected porous frameworks and
tunable rutile contents have been synthesized via a facile sol−
gel templating and calcination process. The products were
characterized using scanning electron microscopy, powder X-
ray diffraction, and nitrogen gas sorption analysis, and their
photocatalytic activities were evaluated by measuring the
photocatalytic degradation of methylene blue, a typical effluent
from the textile industry, under UV light illumination. The hierarchically macro-/mesoporous titania structure formed after
templating followed by calcination in air. The reduced interfaces between titania nanocrystals in these PTN materials can
significantly decrease interface nucleation of the rutile phase and effectively retard the anatase to rutile phase transformation,
therefore giving rise to porous titania photocatalysts featuring tunable rutile ratios (from 0 to 100 wt %), reduced crystal sizes,
hierarchically porous structure, and relatively high specific surface areas (up to 71.0 m2 g−1). The photocatalytic performance of
the materials was correlated to the anatase:rutile ratio and specific surface area of the materials, with the mixed-phase (rutile
content of 15.4%) nanocrystalline titania calcined at 600 °C for 6 h showing the highest photocatalytic activity. This study
demonstrates that a substantial improvement in photocatalytic activity of the titania can be achieved by controlling morphology
and carefully tuning phase composition via a feasible solid-state phase transformation at a relatively low temperature (600 °C).
This concept for the rational design and development of high-performance photocatalysts using an industrially simple process
would be capable of mass production.
KEYWORDS: titanium dioxide, nanostructure, porous material, phase transformation, photocatalysts, interfaces, solid-state reaction,
phase junction
■ INTRODUCTION
As an important industrial product, titania (TiO2) has been
widely used as an inorganic pigment, a photocatalyst, in
sunscreen, sensors, energy storage and conversion devices, and
electrochromics.1−19 Because of its unique properties including
superior photocatalytic activity, excellent photo- and chemical
stability, nontoxicity, and relatively low cost for production,
titania has been extensively studied for diverse photocatalytic
applications ranging from water splitting to environmental
remediation in the past several decades.2−4,15−17,20−29 To
enhance photocatalytic efficiency for practical applications,
various innovative strategies, such as doping titania with diverse
metal/nonmetal elements,2,21,22,30 forming anatase−rutile
mixed-phase composites,24,31−40 creating noble metal−titania
heterojunctions or coupling with narrow-band semiconductor
nanoparticles (e.g., CdS/TiO2),
41−46 and attaching titania
nanocrystals to graphene nanosheets,47−49 have been applied
to optimize the performance of this photocatalyst. These
modifications could effectively broaden the light absorbance of
the photocatalysts,21,22,30,47,49 promote spatial separation of
photogenerated electrons and holes and therefore prevent their
recombination,35−42,44,46 facilitate electron conduction within
the photocatalyst,47,49 and thus enhance the performance of the
titania photocatalyst. Among diverse strategies, forming
anatase−rutile mixed-phase composites is an easy, low-cost,
and scalable process, and is generally recognized as a highly
practical approach for fabricating efficient titania photocatalysts
for environmental remediation applications. For example, the
commercially available benchmark photocatalyst, Evonik
(Degussa) P25 nanoparticles,50−53 is a mixed-phase titania
with a typical anatase:rutile ratio of 80:20. Ample evidence has
clearly revealed that such mixed-phase photocatalysts can
significantly promote spatial separation of photogenerated
electrons and holes, therefore enhancing the photocatalytic
performance.33,35−39,42,54
Thermodynamically, rutile is the most stable phase among
diverse polymorphs of titania, and anatase can be readily
transformed into rutile via a solid-state phase transformation
(usually by calcination at above 550 °C in air).1,16,52 From the
viewpoint of large-scale industrial production of mixed-phase
titania photocatalysts, solid-state phase transformation is
generally viewed as a promising process.1,16,52 However, some
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obstacles still remain: (1) exaggerated grain growth of rutile
crystals usually occurs with the anatase to rutile phase
transformation due to the increased mobility of atoms and
the heat released during the phase transformation;52,55,56 and
(2) unavoidable titania agglomerations form when sintered at
elevated temperature,52,53 and this gives rise to photocatalysts
with significantly reduced specific surface area and porosity,
therefore resulting in limited effectiveness in practical
applications.
The phase transformation process from anatase to rutile has
been extensively studied for both scientific and technological
interest because crystal phase is an important factor in
determining properties of titania. In general, this solid-state
phase transformation proceeds via a nucleation and growth
process, and three nucleation modes, interface-, surface-, and
bulk-nucleation,52,57−63 have been proposed to illustrate the
anatase to rutile phase transformation. The predominant
nucleation mode in a typical solid-state reaction highly depends
on the calcination temperature, packing characteristic, and
other physical properties of the precursors.32,58,59,61,64 Interface-
nucleation usually triggers and governs the phase trans-
formation at a relatively low temperature (e.g., <620 °C); in
contrast, a very high calcination temperature (e.g., >1000 °C)
would induce the bulk-nucleation process by initializing a
strong thermal fluctuation of the Ti and O atoms in anatase,
and the phase transformation is usually accomplished in a short
period (several minutes). For the phase transformation
conducted at an intermediate temperature, it usually proceeds
predominantly via a surface-nucleation process. Of these three
nucleation modes, the interface-nucleation process can occur
and proceed at a relatively low calcination temperature,61 which
could help to inhibit a fast growth of rutile nanocrystals. As a
result, a relatively high specific surface area can be retained in
the final products, which would generally enhance the
effectiveness of the photocatalyst by increasing active sites
available for reaction.
Besides calcination temperature, the interfaces between
titania nanocrystals have been demonstrated to be another
important factor in affecting the kinetics of the anatase to rutile
phase transformation.58,59,64,65 As reported by Banfield et al.
and other researchers,58,59,63,66 the anatase twin boundaries
constructed from two slabs of octahedral zigzag chains have
structural similarity to those of the rutile phase.59,66 Such
anatase twin interfaces can act as nuclei for the rutile phase,
thus initializing the phase transformation due to their relatively
low activation barriers for nucleation, in comparison to either
surface- or bulk-nucleation involving an energy-intensive high
temperature process.54,59 Therefore, a reduction in anatase−
anatase interface can slow the phase transformation, especially
when this transformation is governed by the interface
nucleation mode, which can proceed at a relatively low
calcination temperature. This gives another variable to control
the kinetics of phase transformation and to tailor the properties
of the products.
Herein, a hierarchically porous titania network (PTN)
composed of nanoparticles was prepared via a facile sol−gel
templating process and employed as the precursor for
fabricating mixed-phase titania photocatalysts featuring hier-
archically porous structure, tunable rutile ratio, and relatively
high specific surface area. As compared to conventional titania
aggregates (illustrated in Scheme 1a), such PTN materials
possess substantially reduced nanocrystal interfaces (Scheme
1b). This can significantly decrease interface nucleation of the
rutile phase and effectively retard the phase transformation at a
relatively low temperature (600 °C), therefore giving rise to
porous titania photocatalysts with optimized rutile ratios and
relatively high specific surface areas simply by varying
calcination duration. Photocatalytic activities of the PTN with
different percentages of rutile phase and specific surface areas
were tested by monitoring the photodegradation of methylene
blue under UV light illumination. A comparative study of
photocatalytic activities of the control samples prepared in the
absence of templates (macropores) was also conducted to
clarify the underlying mechanism of the enhanced photo-
catalytic performance of the PTN materials.
■ EXPERIMENTAL SECTION
Chemicals. All chemical reagents were commercial products and
were used without further purification. The porous agarose gel
template was prepared using an agarose powder (molecular biology
grade) from Scientifix. The metal alkoxide precursor, titanium(IV)
isopropoxide (TIP; 97%), was purchased from Sigma-Aldrich. The
isopropanol (99.5%) and ethanol (99.5%) solvents were purchased
from Chem-Supply. The methylene blue (MB) used to illustrate
photodegradation performance was from BDH Chemical Ltd. The
Milli-Q water used in the experiment was collected on a Millipore
Academic A10 purification system and had a resistivity no less than
18.2 MΩ cm.
Preparation of Agarose Gel Template. A procedure as
previously detailed was employed for the preparation of a porous 1
wt % agarose gel template.67 In brief, agarose powder (2 g) was added
slowly to 198 mL of water within a beaker under stirring at room
temperature. The resulting suspension was heated until a clear solution
was obtained. This clear solution was then immediately poured into
Pyrex test tubes and sealed with Parafilm. The test tubes were left at
room temperature overnight to allow for complete gelation.
Preparation of Hierarchically Porous Titania Networks. The
agarose gels were cut into small pieces (∼3 × 5 × 5 mm3) and
underwent a solvent exchange from water to ethanol in three steps
(water-to-ethanol volume ratio of 2:1, 1:2, then 0:1, soaking for 6 h in
each solution), and similarly from ethanol to isopropanol. Sub-
sequently, the gel pieces were soaked in 70 wt % TIP in isopropanol
Scheme 1. An Illustration of the Anatase to Rutile Phase
Transformation in (a) Titania Aggregates with Abundant
Interfaces (Highlighted as Red Lines) between Nanocrystals,
and in (b) Porous Titania Networks with Much Reduced
Interfacesa
aA reduction in interface between nanocrystals can significantly
decrease interface nucleation of the rutile phase and effectively retard
the phase transformation at a relatively low temperature (e.g., 600 °C),
therefore giving rise to porous titania networks featuring tunable rutile
content, reduced crystal sizes, hierarchically porous structure, and
relatively high specific surface areas.
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solution for 18 h, before being transferred into water/isopropanol (1:1
v/v) mixed solvent for hydrolysis and condensation reactions. After 18
h, the samples were removed from solution and dried at room
temperature in the fume hood for 3 days. These air-dried samples were
calcined at various temperatures (500, 550, 600, 650, 700, 800, or 900
°C) for 2 h under flowing air with a ramp rate of 1.6 °C min−1. To
investigate the effect of prolonged calcination time, the samples were
calcined at 600 °C for different durations (2, 6, 10, or 24 h). The
resulting hierarchically PTN samples were labeled as PTN-xC-yh,
where x indicates calcination temperature (°C) and y is the duration
(h). For instance, PTN-600C-2h refers to the resultant porous titania
calcined at 600 °C for 2 h in air. The same sol−gel synthesis (18.1 mL
of 70 wt % TIP added to a mixture of 125 mL of water and 125 mL of
isopropanol) and calcination procedure was employed to prepare the
control samples in the absence of agarose gel templates. In this case,
the control samples were denoted as Control-xC-yh.
Characterization. The morphology and average grain size of the
samples were observed using a field emission environmental scanning
electron microscope (FEI Quanta 200F). The samples were observed
without metal sputter coating. Powder X-ray diffraction (XRD, Philips
PW1800 diffractometer with Cu Kα radiation) was used to determine
the crystalline phase and to estimate the rutile phase content and
crystal size of the resulting titania materials. The diffractometer was set
at 40 kV accelerating voltage and 20 mA applied current, and the
samples were scanned from 10° to 80° at a rate of 0.02° s−1. The
obtained patterns were then utilized to determine weight percentage of
the rutile phase titania, using the following equation:62
= + +W A A A A(%) 100 /(0.886 2.721 )R R A R B
where AA, AR, and AB represent the integrated intensities of the anatase
(101), rutile (110), and brookite (121) peaks, respectively. Nitrogen
gas sorption isotherms were measured at −196 °C by the volumetric
method on a Micromeritics Tristar 3000 surface area and porosity
analyzer. Prior to the measurement, samples were evacuated at 150 °C
for 18 h on a vacuum line (less than 30 mTorr). The standard
multipoint Brunauer−Emmett−Teller (BET) method was utilized to
calculate the specific surface area using the adsorption data in the P/P0
range from 0.05 to 0.20. The pore size distributions of the materials
were derived from the adsorption branches of the isotherms on the
basis of the Barett−Joyner−Halenda (BJH) model.
Photocatalytic Activity. Photocatalytic activities of the PTN (40
mg) and the control samples (40 mg) were studied by monitoring the
degradation of MB (80 mL, 55.5 mg L−1) in an aqueous solution
under UV irradiation with continuous magnetic stirring. Before
irradiation, the suspension was equilibrated in a jacketed beaker by
stirring in the dark for 1 h to equilibrate the adsorption of MB dye
onto the surface of titania. The jacketed beaker was kept at 20 ± 0.5
°C with chilled water running through a thermostatic circulated bath.
The MB solution was continuously bubbled with air (industrial grade,
BOC) during stabilization and degradation. A 500 W Hg (Xe) globe
(Oriel) with a dichroic mirror (66226, Oriel, 280 < λ < 400 nm) was
used to deliver light vertically through a quartz reactor lid. Following
UV-radiation exposure, the degradation of the MB dye was monitored
by taking 1.5 mL aliquots at regular irradiation intervals (0, 15, 30, 45,
and 60 min). These aliquots were centrifuged at 15 000 rpm for 10
min to separate the catalyst from the mixture. The supernatants were
collected and analyzed by recording the characteristic absorption peak
of MB (664 nm) using a UV−vis spectrophotometer (Varian Cary 50
Bio).
■ RESULTS AND DISCUSSION
Morphological Evolution of the PTN and Control
Samples. Both the temperature during calcination treatment
and the nanoparticle packing characteristics in the precursor
materials play crucial roles in influencing the morphologies of
the final titania materials. Figure 1 shows SEM images of both
PTN and control samples obtained by calcining the titania/
agarose composite and titania at temperatures ranging from 500
to 800 °C. PTN materials calcined at 500 °C (Figure 1a,b and
Figure S1a in the Supporting Information) consist of titania
nanocrystals <10 nm in diameter and show a hierarchically
porous framework containing interconnected macropores
ranging from 80 to 200 nm in diameter. After calcination at
600 °C (Figure 1c and Supporting Information Figure S1b),
the macroporous structure was retained in the PTN material,
and slightly enlarged titania crystals were observed. In contrast,
the control sample (Figure 1d) fabricated in the absence of
agarose gel templates formed a compact aggregate consisting of
∼35 nm titania nanocrystals. Increasing the calcination
temperature to 700 °C (Figure 1e and Supporting Information
Figure S1c) or 800 °C (Figure 1g and Supporting Information
Figure S1d) resulted in the PTN material becoming more
“compact”, mainly due to shrinkage of the inorganic framework
along with the coarsening of the titania crystals (diameters up
to 170 nm after being heated at 800 °C). As clearly illustrated
in Figure 1f and h, at such high temperatures (>700 °C) the
control samples show densely sintered and relatively large
titania crystals (∼170 nm at 700 °C and ∼260 nm at 800 °C).
The crystal size of the control samples is much larger than that
in the PTN materials synthesized in the presence of agarose gel
templates when calcined at 700 °C or above. Increasing the
calcination temperature to 900 °C gave uniform PTN materials
(Supporting Information Figure S2a,b) featuring 3D inter-
connected frameworks and faceted rutile crystals (Supporting
Information Figure S3) ranging from 120 to 450 nm in size
(Supporting Information Figure S2c,d), showing a significant
growth in crystal size.
Figure 1. SEM images of the porous titania networks (a, b, c, e, and g)
and control samples (d, f, and h) sintered at (a, b) 500 °C, (c, d) 600
°C, (e, f) 700 °C, and (g, h) 800 °C for 2 h in air. Note: All of these
images were obtained without metal sputter coating of the samples.
ACS Applied Materials & Interfaces Research Article
dx.doi.org/10.1021/am502990r | ACS Appl. Mater. Interfaces 2014, 6, 13129−1313713131
69
As both the PTN and the control samples were prepared via
an identical sol−gel reaction and calcination process, the above
results clearly reveal that the reduced interfaces between titania
nanocrystals can effectively retard crystal growth in the PTN
materials.
The effect of the calcination time on the evolution of such
PTN nanostructures was also investigated. Figure 2 shows SEM
images of the PTN samples sintered at 600 °C for 2−24 h in
air, and no obvious differences in the inorganic frameworks
were observed for these PTN samples.
Crystal Phase Transformation and Rutile Content. The
changes in crystal phase and crystallite size within the PTN and
control samples were studied by powder X-ray diffraction
(XRD), and the corresponding patterns of the samples calcined
at different temperatures are presented in Figure 3. Rutile
contents (weight percentages) in each sample were calculated
according to a previously reported method,62 and the
corresponding results are listed in Table 1. There was no
rutile diffraction peak observed in either the PTN sample or the
control sample calcined at 500 °C (Figure 3a,b). After
calcination at 550 °C for 2 h, a small peak at 2θ = 27.4°
(Supporting Information Figure S5), corresponding to the
(110) plane of the rutile phase titania, appeared in both the
PTN and the control samples, indicating the occurrence of
phase transformation from anatase to rutile at this temperature.
This result is in good agreement with those reported
previously.52,55 After calcination at 550 °C for 2 h, the rutile
content of the PTN-550C-2h and Control-550C-2h sample was
5.8% and 9.3%, respectively. When the calcination temperature
increased to 600 °C, the amount of rutile increased slightly to
11.7%; see the PTN-600C-2h sample. This is substantially
different to the Control-600C-2h sample, where the intensity of
the anatase diffraction peaks decreased significantly and the
intensity of the rutile diffraction peaks increased sharply (as
compared to the Control-550C-2h) and that was 80.0% rutile
phase. Additionally, the crystallite size of the anatase in this
control sample increased drastically to 35 nm because the heat
of phase transformation from anatase to rutile accelerated grain
growth.55,56 In comparison with this control sample, only a
slight increase in crystallite size was observed when calcining
the PTN at 600 °C (Figure 1c and Supporting Information
Figure S1b, PTN-600C-2h). With a further increase in the
calcination temperature, the control sample was fully converted
to the rutile phase at 800 °C, while the PTN material retained
12.6% anatase at 800 °C. As summarized in Figure 4, the
anatase-to-rutile phase transformation was significantly retarded
in the PTN materials, especially when the calcination
temperature is below 650 °C, at which an interface nucleation
mechanism dominates the anatase to rutile phase trans-
formation.61
Rutile contents in the PTN materials were tunable by
changing calcination time as well. The PTN materials calcined
at 600 °C for 2, 6, 10, and 24 h were investigated and
characterized using XRD. The corresponding XRD patterns are
shown as Supporting Information Figure S6, and physical
properties are given in Table 1. The rutile percentage increased
from 11.7 to 28.4 wt % when the calcination time was
prolonged from 2 to 24 h (Table 1). Even with this prolonged
calcination of 24 h, the rutile content was significantly less
(28.4% for PTN-600C-24h) than that of the Control-600C-2h
(80.0%) sample calcined for 2 h at the same temperature. On
the basis of the above results, it is clear that the presence of the
agarose gel template during sol−gel synthesis gave rise to a
hierarchically porous structure that effectively reduces the
interfaces between titania nanocrystals, and therefore prevented
phase transformation by inhibiting nucleation of the rutile
phase. Thus, controlling calcination temperature or duration at
a relatively low temperature (e.g., 600 °C) renders a facile and
feasible method to tune anatase to rutile ratios and adjust
titania crystal sizes in the PTN materials.
Specific Surface Area and Porosity of the PTN and
Control Samples. To explore the correlation between porous
structure and phase transformation, and the effects of pores on
photocatalytic performance, specific surface areas and pore size
distributions of the PTN and control samples calcined at
varying temperatures and times were characterized using
nitrogen gas sorption. Specific surface areas of the PTN and
control samples as a function of calcination temperature from
500 to 900 °C are given in Figure 5. For the control sample
Figure 2. SEM images of the porous titania networks sintered at 600
°C for (a) 2 h, (b) 6 h, (c) 10 h, and (d) 24 h in air. Note: All of these
images were obtained without metal sputter coating of the samples.
Figure 3. XRD patterns of (a) the porous titania networks and (b)
control samples sintered at diverse temperatures (as noted on the
individual patterns) for 2 h in air. A = anatase, B = brookite, and R =
rutile titania.
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calcined at 500 °C for 2 h, the specific surface area (92.5 m2
g−1) was higher than that of the PTN material prepared under
the same calcination condition, PTN-500C-2h (71.0 m2 g−1).
However, the specific surface area of the control samples
dropped dramatically to 4.9 m2 g−1 (Table 1) by increasing the
calcination temperature to 600 °C. In contrast, the specific
surface area of the PTN samples decreased gradually to 36.6
m2g−1 at 600 °C, and then to 10.7 m2 g−1 after calcination at
800 °C for 2 h, indicating the higher thermal stability of the
PTN materials. The specific surface areas of the PTN materials
calcined at 600 °C for various times were also investigated and
dropped gradually from 36.6 to 21.9 m2 g−1 with a calcination
time from 2 to 24 h (Supporting Information Figure S7). As
demonstrated in the SEM images (Figures 1 and 2) and XRD
patterns (Figure 3), hierarchically porous frameworks and
relatively small crystal sizes can be effectively retained in the
PTN materials while increasing calcination temperature and
duration; thus a relatively high specific surface area can be
obtained in the PTN materials (Table 1).
Nitrogen gas sorption isotherms of the PTN materials
calcined at various temperatures are shown in Figure 6a. Except
for the PTN-800C-2h sample, all of the isotherms showed two
hysteresis loops at relative pressures (P/P0) ranging from 0.65
to 0.96, indicating a bimodal pore size distribution (presence of
both mesopores and macropores).68 The macropores were a
result of the templating process, where the coated agarose
fibers, separated by hundreds of nanometers, left large voids in
the final structure. These macropores in the PTN materials
were preserved even when the calcination temperature was as
high as 900 °C (Supporting Information Figure S2). The
mesopores in the PTN materials stem from both the removal of
the agarose fibrils and the interparticle voids between the titania
nanocrystals. For the PTN material calcined at 500 °C for 2 h,
as shown in the inset, two distinct pore size distributions
centered around 14.9 and 90 nm were obtained. The
abundance of mesopores decreases as the calcination temper-
ature increases to 650 °C, while the macropore profile changes
slightly from 600 to 650 °C. After calcination at 800 °C, the
mesopores of the PTN material disappeared, indicating a
Table 1. Physical Properties of the Porous Titania Networks (PTN) and Control Samples
sample crystal phasea WR (wt %)
b surface area (m2 g−1)c relative surface area (%)d pore diameter (nm)e pore volume (cm3 g−1)f
PTN-500C-2h A + B 0.0 71.0 ± 1.0 100 14.9, 90 0.248
PTN-550C-2h A + B + R 5.8 52.2 ± 0.5 73.5 14.7, 98 0.211
PTN-600C-2h A + R 11.7 36.6 ± 0.4 51.5 16.0, 92 0.125
PTN-650C-2h A + R 24.0 24.4 ± 0.3 34.4 16.0, 96 0.115
PTN-700C-2h A + R 54.5 17.0 ± 0.3 23.9 102 0.112
PTN-800C-2h A + R 87.4 10.7 ± 0.2 15.1 105 0.042
PTN-900C-2h R 100 5.0 ± 0.2 7.0 158 0.034
PTN-600C-2h A + R 11.7 36.6 ± 0.4 51.5 16.0, 92 0.125
PTN-600C-6h A + R 15.4 32.2 ± 0.4 45.4 16.8, 80 0.122
PTN-600C-10h A + R 17.3 28.2 ± 0.3 39.7 17.0, 78 0.117
PTN-600C-24h A + R 28.4 21.9 ± 0.3 30.8 75 0.090
Control-500C-2h A + B 0.0 92.5 ± 0.9 100 6.0 0.237
Control-550C-2h A + B + R 9.3 34.3 ± 0.4 37.1 8.5 0.133
Control-600C-2h A + R 80.0 4.9 ± 0.2 0.05 0.069
Control-700C-2h A + R 91.8 3.2 ± 0.1 0.03 0.064
Control-800C-2h R 100 2.4 ± 0.1 0.03 0.044
aCrystal phase of the samples determined using XRD technique, A = anatase, R = rutile, and B = brookite titania. bWeight percentage of the rutile
titania calculated using the integrated intensities of anatase (101), rutile (110), and brookite (121) peaks according to a previously reported
method.62 cSpecific surface area calculated from nitrogen gas adsorption data in the P/P0 range from 0.05 to 0.20.
dRelative specific surface area,
normalized to PTN-500C-2h for PTN samples and to Control-500C-2h for control samples, respectively. ePore diameter determined by the BJH
model using the nitrogen adsorption branch data. fCumulative volume of pores between 1.70 and 300 nm calculated from the nitrogen adsorption
data.
Figure 4. Rutile content of the porous titania networks (PTN) and
control samples (Control) calculated from the corresponding XRD
patterns. The dashed lines were added to guide the eye.
Figure 5. Specific surface areas of the porous titania networks (PTN)
and control samples (Control) as a function of the calcination
temperature from 500 to 900 °C. The dashed lines were added to
guide the eye.
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significant crystal growth and densification of the inorganic
frameworks. This can be clearly observed in the corresponding
SEM images (Figure 1g and Supporting Information Figure
S1d). It is worth noting that even after calcination at 900 °C, as
clearly demonstrated in Supporting Information Figure S2,
three-dimensional interconnected macropores remain in this
PTN material, demonstrating an excellent thermal stability.
Besides the calcination temperature, the calcination duration
also affects the porosity of the resulting materials. For PTN
samples calcined at 600 °C for different lengths of time, as
shown in Figure 6b, the mesopores gradually decreased when
heated from 2 to 24 h, while only a slight decrease in the
corresponding macropore profiles was observed. This varying
trend in meso- and macropore profiles suggests that a gradual
densification occurred mostly at the interfaces between titania
nanocrystals, and this interfacial densification might proceed via
the nucleation of the rutile phase located at the anatase−
anatase interfaces.
Before presenting the photocatalytic results, it is instructive
to discuss the relationship between porous structure and
anatase-to-rutile phase transformation. According to the
previous reports,58,59,64 the packing characteristic of the titania
nanocrystals has a significant effect on the crystal phase
transformation. From the SEM images shown in Figure 1b, the
hierarchically porous framework of the PTN samples is
composed of titania nanoparticles less than 10 nm in diameter.
Large porosity in such a porous structure means a decreased
number of neighboring particles as compared to a dense
structure (as illustrated by the control samples) and, hence,
would result in a decrease in interface nucleation of the rutile
phase. XRD results show that such hierarchically porous
structures can effectively retard the anatase to rutile phase
transformation at elevated temperatures. Employing such PTNs
as parent materials, finely controllable phase transformation can
be realized using a facile and feasible calcination process at an
elevated temperature (e.g., 600 °C), and gives rise to PTN
samples with tunable crystal phases, enhanced crystallinity, 3D
interconnected porous frameworks, and relatively high specific
surface areas.
Photocatalytic Performance. Photocatalytic activities of
the resulting PTN materials were evaluated by the degradation
of methylene blue (MB), a probe molecule, under UV light
irradiation. For comparison, photocatalytic activities of the
control samples (without macropores) calcined at the same
temperatures were also measured under the same conditions.
To compare the reaction kinetics of the MB degradation, a
pseudo-first-order reaction equation, ln(C/C0) = −kt, where C0
and C are the initial concentration and the reaction
concentration of MB at an irradiation time t, respectively, and
k is the apparent reaction rate constant,28,29 was applied to the
time profile of the MB absorption spectra (Figure S8 in the
Supporting Information).
The calcination temperature has a great effect on the
photocatalytic activities of titania materials (Figure 7a). At 500
°C, the apparent reaction rate constant, k, of the PTN material
is equivalent (within error) to that of the control sample. With
an increase in calcination temperature to 550 °C, the
degradation rate of MB increased for both the PTN and the
control samples. A small amount of rutile appeared in both
samples (Table 1) and is presumably the main reason for the
improved photocatalytic performance. The coexistence of
anatase and rutile phases can effectively inhibit the recombi-
Figure 6. Nitrogen sorption isotherms and corresponding pore size
distributions (insets) of the porous titania networks sintered (a) at
diverse temperatures and (b) at 600 °C for varied times (from 2 to 24
h) in air.
Figure 7. Comparison of the apparent rate constants in photocatalytic
reactions employing (a) porous titania networks (PTN) and control
samples (Control) calcined at varying temperatures for 2 h, and (b)
PTN samples calcined at 600 °C for 2−24 h.
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nation of photocarriers by promoting the spatial charge
separation and, therefore, enhances the efficiency of photo-
degradation.8−13 Comparing the performance of these two
samples, we believe that the higher surface area of the PTN-
550C-2h (52.2 m2 g−1) has enhanced the photocatalytic
activity. Although the specific surface area decreased with
increasing calcination temperature, a sharp increase in photo-
catalytic activity in PTN-600C-2h (k = 0.0382 min−1) was
observed when the calcination temperature reached 600 °C. In
contrast, a decrease in photocatalytic activity was observed for
the Control-600C-2h sample, probably due to its very low
specific surface area (4.9 m2 g−1) and substantial quantities of
rutile (80.0 wt %) after calcination at this temperature.
Increasing the temperature to 700 and 800 °C decreased the
photocatalytic activities of both the PTN and the control
samples as a result of the ongoing phase transformation and
crystal growth, which leads to a remarkable reduction in the
specific surface area (Table 1).
The effect of calcination time on photocatalytic performance
of the PTN materials was also investigated, and the results are
shown in Figure 7b. Although the specific surface area of the
PTN materials decreased from 36.6 to 32.2 m2 g−1 when
increasing the calcination time from 2 to 6 h, this did not result
in a decrease in the photocatalytic activity. The PTN-600C-6h
sample gave the highest photocatalytic activity with an apparent
reaction rate constant of 0.0439 min−1. This increase in the
photocatalytic activity could be attributed to the formation of
more anatase/rutile phase junctions (Figure 8) and the
improved crystallinity of the PTN materials.24,28,29,36,37,39,42,53
A decrease in the photocatalytic activity was observed for
calcination times of 10 h or longer when heated at 600 °C,
mainly due to the decrease in reactive sites in the PTN
materials as a result of the reduction in specific surface area
(Table 1). On the basis of the above results, it is clear that both
calcination temperature and the presence of macro-/mesopores
in the parent materials play very important roles in determining
the properties of the PTN materials. PTN materials with
optimized rutile content (∼15.4 wt %) can be obtained by
annealing at a relatively low temperature (600 °C), giving
enhanced photocatalytic activity due to the finely controllable
anatase-to-rutile phase transformation kinetics governed by the
interface nucleation process.
■ CONCLUSIONS
Hierarchically porous titania networks with controllable rutile
content and relatively high specific surface area were prepared
via a facile templating and solid-state phase transformation
process dominated by the interface nucleation process at a
relatively low temperature (600 °C). The PTN (templated by
the agarose gel) possessed reduced contact areas between
titania nanocrystals and effectively suppressed the anatase to
rutile phase transformation and the rutile crystal growth, thus
giving rise to hierarchically porous titania photocatalysts that
could be optimized for rutile content and maintain relatively
high specific surface areas. Such agarose-templated PTN
showed excellent thermal stability and structural homogeneity,
even after being transformed into the rutile phase at 900 °C in
air. The hierarchically PTN materials showed enhanced
photocatalytic activity toward the degradation of methylene
blue under UV light irradiation, due to optimized crystal phase
composition and increased number of reactive sites (due to
higher surface area), when compared to the control samples
prepared in the absence of template under otherwise identical
conditions. The coexistence of the anatase and rutile phases is
beneficial for photocatalytic performance, relative to either
individual component. This work demonstrates a facile
synthesis method for fabricating tunable mixed-phase titania
materials with improved photocatalytic activity. Given their
hierarchically porous structures, robust inorganic frameworks,
tunable anatase:rutile ratios, and relatively high specific surface
areas, the resultant PTN materials are expected to find potential
applications in the area of industrial oxidation catalysis.
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Figure S1. Low magnification SEM images of the porous titania networks (PTN) calcined at a) 500 °C, b) 
600 °C, c) 700 °C and d) 800 °C for 2 h in air. The images show a homogeneous macroporous framework 
of the PTN materials and a gradual coarsening in crystal size with increase in sintering temperature. Note: 







Figure S2. SEM images of the porous titania networks (PTN) calcined at 900 °C for 2 h in air at varied 
magnification (a-d). These images show a homogeneous macroporous framework of the titania (rutile) 
materials even after calcination at 900 °C in air, indicating excellent thermal stability of structure of the 






Figure S3. XRD pattern of the porous titania network calcined at 900 °C for 2 h in air (sample shown in 








Figure S4. Low magnification SEM images of the porous titania networks calcined at 600 °C for a) 2 h, b) 
6 h, c) 10 h and d) 24 h in air. The images show a homogeneous macroporous framework of the PTN 
materials and a slight coarsening in crystal size with increasing sintering time. Note: all these images 


















Figure S5. XRD patterns of the porous titania network (PTN) and control samples calcined at 550 °C for 






Figure S6. XRD patterns of the porous titania networks calcined at 600 °C for 2, 6, 10 and 24 h (as 
labelled) in air. The rutile content for these PTN materials is 11.7, 15.4, 17.3 and 28.4 wt% for 2, 6, 10 






Figure S7. Specific surface areas of the porous titania networks as a function of the calcination time from 





Figure S8. Photocatalytic degradation (a, c and e) of the methylene blue under UV light irradiation and 
the corresponding ln(C/C0) plot (b, d and f) as a function of reaction time in the presence of different 
titania catalysts (as shown by the legends). The lines shown in graphs b, d and f are the linear fits of the 
raw data. 
84
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Chapter 4. Synthesis of Spherical Micrometer-sized 
Monodisperse Titania Particles in Butanol 
4.1 Introduction 
Over the past decade, spherical titania particles have received considerable attention 
and found use in diverse fields of application, such as chromatography separation,1, 2 
lithium ion batteries,3 dye sensitized solar cells,4, 5 photocatalysis,6 
photoluminescence,7, 8 electrorheological fluids9, 10 and catalysis.11-14 In all of these 
applications, uniform-sized spheres are highly preferred. For instance, monodisperse 
spheres show high packing density, as well as uniform flow of fluids when scaling-up 
of a chromatography process, thereby giving highly reproducible performance.1, 15, 16 
Ever since Stöber et al. reported the preparation of uniform colloidal silica spheres 
based on sol-gel chemistry,17 the analogous synthesis of monodisperse TiO2 particles 
through the hydrolysis of diverse titania alkoxides in a homogeneous organic solution 
has been one of the most popular processes for the preparation of monodisperse 
amorphous titania spheres (MATSs).4, 12, 18-20 Despite several reports of the 
preparation of MATSs with sub-micrometer diameters,18-25 the synthesis of 
micrometer-sized MATSs has been rarely reported due to either the presence of large 
amounts of nuclei in the original Ti alkoxide,26 or too many nuclei being induced by 
the fast hydrolysis rate of the Ti alkoxide.21  
The development of efficient and stable catalysts has become increasingly important 
in energy processing, chemical production and pollution control. Encapsulating noble 
metal nanoparticles on solid oxide supports can not only prevent nanoparticle 
agglomeration, but also promote synergistic interactions with the supports to improve 
catalytic performance.11-13 TiO2 is often chosen as the support for metal nanoparticles 
as it is highly chemically stabile and considered environmentally friendly.12-14 
In this chapter, micrometer-sized MATSs with diameters up to 5.39 µm were 
successfully prepared by sol-gel synthesis. Pore sizes of 6.4-28.8 nm were obtained by 
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treating MATSs under solvothermal conditions. The spheres were uniformly loaded 
with Pd nanoparticles via an in situ reduction method. The prepared Pd/TiO2 catalysts 
displayed high catalytic activity and good recyclability in the reduction of 
4-nitrophenol (4-NP) in the presence of sodium borohydride (NaBH4). 
4.2 Experimental Section 
4.2.1 Materials and Reagents 
Titanium (IV) isopropoxide (TIP, 97%, Sigma-Aldrich), titanium (IV) butoxide (97%, 
Sigma-Aldrich), hexadecylamine (HDA, 90%, Sigma-Aldrich), tin (II) chloride 
(SnCl2, 98%, Sigma-Aldrich), 4-nitrophenol (4-NP, ≥ 99.0%, Sigma-Aldrich), 
absolute ethanol (> 99.5%, Chem-Supply), 1-propanol (> 99.5%, Chem-Supply), 
2-propanol (> 99.5%, Chem-Supply), 1-butanol (99.8%, Chem-Supply), 2-butanol (> 
99.0%, BDH), 1-pentanol (> 99.0%, AJAX Finechem), ammonium chloride (NH4Cl, 
99%, BDH), cesium chloride (CsCl, 99.9%, Sigma-Aldrich), lithium chloride (LiCl, 
99.9%, Sigma-Aldrich), potassium chloride (KCl, 99.5%, BDH), rubidium chloride 
(RbCl, > 99.0%, Sigma-Aldrich), sodium chloride (NaCl, 99.5% Merck), ammonium 
hydroxide (NH3, ~25%, Merck), palladium chloride (PdCl2, 99.0%, Chem-Supply) 
and sodium borohydride (NaBH4, 98%, Scharlau) were used as received without 
further treatment. The water used in all experiments was from a Millipore purification 
system and had a resistivity of 18.2 MΩcm. 
4.2.2 Synthesis of micrometer-sized, monodisperse, amorphous titania spheres 
(MATSs) 
In a typical synthesis of MATSs with a diameter of 2.4 µm, 11.92 g HDA was 
dissolved in 600 mL of 1-butanol with stirring in a beaker, which was then sealed with 
Parafilm to minimise exposure to the atmosphere. After HDA dissolution, 4.80 mL 
aqueous KCl solution (0.1 M) was added, followed by 13.57 mL of TIP introduced 
under vigorous stirring. After keeping the resulting suspension static at 22 °C for 18 h, 
the precipitate was recovered by centrifugation at 5000 rpm for 5 min and washing 
with 1-butanol (1-BuOH) and then ethanol (EtOH). The sample was dried in a fume 
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cupboard and MATSs with a diameter of 2.4 µm were obtained. 
4.2.3 Synthesis of micrometer-sized, monodisperse, mesoporous titania spheres 
(MMTSs) with different pore sizes 
In a typical synthesis, 1.60 g of MATSs were dispersed in a mixture with different 
volume ratios (mL) of ethanol, water and ammonia (10:20:0, 20:10:0 and 20:6:4). The 
resulting mixture was placed inside a Telflon-lined autoclave (50 mL) and heated at 
160 °C for 16 h. After cooling, the white product was collected by vacuum filtration, 
washed 3 times using ethanol and dried in air at room temperature. Next, the dried 
powders were calcined at 500 °C for 2 h (ramp rate of 1.6 °C min-1) in air to remove 
any remaining organic content. The calcined samples were denoted as S1, S2 and S3 
correlating to treatment in ethanol, water and ammonia volume ratios of 10:20:0, 
20:10:0 and 20:6:4. 
4.2.4 Loading Pd nanoparticles onto the micrometer-sized, mesoporous TiO2 
spheres to form Pd/TiO2 
In a typical process, 0.50 g of MMTSs (S1, S2 or S3) were dispersed in 100 mL of 
water by ultrasound for 30 min. Meanwhile, 0.50 g of SnCl2 was dissolved in 100 mL 
of HCl (0.02 M). The two solutions were then stirred together for 30 min at ambient 
temperature before the suspension of Sn-activated TiO2 spheres was recovered by 
filtration, followed by washing with water. The activated spheres were subsequently 
redispersed in 187.5 mL of water, to which 25.0 mL of PdCl2 (0.021 M) solution was 
added. After stirring for 10 min, the suspension was filtered and washed with water 5 
times. The product was dried at 60 °C for 2 h before further characterization. The Pd 
loaded MMTS samples were labelled S1-Pd, S2-Pd and S3-Pd. 
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Scheme 4.1. Experimental setup for the catalytic reduction of 4-NP. The container was 
covered using a plastic cap with two small holes. 
A schematic of the catalytic process is shown in Scheme 4.1. 20.0 mg of Pd/TiO2 
composite was placed inside of a syringe filter (0.45 µm hydrophilic polyethersulfone 
membrane, Pall corporation, USA). Next, 38.0 mL of water, 1.6 mL of NaBH4 (0.5 M) 
and 0.4 mL of 4-NP (10 mM) were mixed in a plastic container with stirring. The 
molar ratio of 4-NP:NaBH4 in the catalytic reaction was 1:200. The solution was 
circulated through the syringe filter by a peristaltic pump (Gilson Minipuls 3) at a 
flow rate of 0.094 mL s-1. 4-NP exhibits an absorption peak at 317 nm in neutral or 
acidic solution, but upon the addition of NaBH4 the solution colour changed from 
light yellow to bright yellow with a corresponding absorption peak shift to 400 nm. 
The absorbance of 4-NP at 400 nm was monitored every 3 min with UV-visible 
spectroscopy. Since the concentration of NaBH4 was in great excess compared to 
4-NP, the reduction was regarded as a pseudo-first-order reaction.  
4.2.6 Recycling of catalyst 
To recycle the catalyst water was flowed through the sample and syringe filter for 5 
min prior to exposure to the fresh 4-NP/NaBH4 solution (next cycle). This process 
was repeated with each cycle lasting 27 min.  
4.2.7 Characterization 
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Scanning electron microscopy (SEM) images were taken on a Quanta 200F FEI 
environmental scanning electron microscope with an accelerating voltage of 15 kV. 
All images were taken without prior sputter coating treatment of the samples. 
Transmission electron microscopy (TEM) experiments were conducted on an FEI 
Tecnai F20 microscope operated at 200 kV. Samples for TEM measurements were 
embedded in an LR-white resin and sliced into approximately 90 nm thick sections 
and supported on holey carbon film on a Cu grid. Wide-angle X-ray diffraction (XRD) 
patterns were recorded on a Bruker D8 diffractometer with Ni-filtered Cu Kα 
radiation (40 kV, 40 mA). Nitrogen sorption isotherms were measured at -196 °C with 
a Micromeritcs Tristar 3000 analyzer. Prior to the measurement, MATSs were 
degassed at 60 °C for 24 h and MMTSs were degassed at 150 °C for 18 h on a 
vacuum line. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the 
specific surface area using adsorption data in a relative pressure range from 0.05 to 
0.20. Pore size distributions were derived from the adsorption branch of the isotherms 
using the Barrett-Joyner-Halenda (BJH) model. The total pore volume was estimated 
from the adsorbed amount at a relative pressure of 0.98. The estimation of porosity (P) 
was based on the density of anatase (ρ) and the total pore volume (VP) according to 
the equation  𝑃 =
Vp
ρ−1+Vp
.27 Thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) were conducted simultaneously on a Mettler Toledo 
TGA/SDTA851e thermogravimetric analyzer. Samples were subjected to a linear 
heating ramp of 10 °C min-1 under an air atmosphere at a flow rate of 30 mL min-1. 
The surface hydroxyl density was obtained from the same instrument according to a 
TGA procedure developed by Mueller et al.28 Under nitrogen atmosphere, the samples 
were first stabilized at 25 °C for 5 min, heated at 10 °C min-1 to 120 °C (T1), held at 
this temperature for 30 min, then heated to 500 °C (T2) at 20 °C min
-1. Fourier 
transform infrared attenuated total reflectance (FTIR-ATR) spectroscopy was 
performed on a Nicolet 6700 spectrophotometer. UV-visible absorption spectra were 
obtained at room temperature with a Varian Cary 50 Bio UV-vis spectrophotometer. 
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4.3 Results and discussion 
The synthesis strategy of micrometre-sized MATSs involves hydrolysis of titanium 
isopropoxide (TIP) in 1-butanol (1-BuOH) or other alcohols in the presence of 
hexadecylamine (HDA), a structure-directing agent, and simple alkali salts (Scheme 
4.2).  
 
Scheme 4.2. Flow procedure for the preparation of size-controlled MATSs. 
The influence of various experimental factors (e.g. solvent type, salt species, HDA/Ti 
molar ratio, KCl concentration, water/Ti molar ratio and synthesis temperature) on the 
morphology, sphere size and size distribution of the amorphous precursor spheres is 
summarized in Figure 4.1, based on investigations carried out by SEM (Figure 
4.2-4.6). The precursor spheres were obtained by changing one parameter while 
keeping the rest of the factors constant. In a typical synthesis for MATSs at room 




Figure 4.1. Size distribution of the MATSs synthesised with changes in: a) solvent, b) salt 
species (0.1 mol/L), c) HDA/Ti molar ratios, d) KCl concentration, e) H2O/Ti molar ratios and 
f) synthesis temperature. EtOH, 1-PrOH, 1-BuOH, 1-Pent, 2-PrOH and 2-BuOH represent 
ethanol, 1-propanol, 1-butanol, 1-pentanol, 2-propanol and 2-butanol respectively.
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Figure 4.2. SEM images of precursor titania particles prepared in a) ethanol, b) 1-propanol, c) 
1-butanol, d) 1-pentanol, e) 2-propanol and f) 2-butanol. For c) the molar ratio was 
TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. The volume of the other solvents was 600 mL, 




Figure 4.3. SEM images of the precursor titania particles obtained by the addition of 4.8 mL 
of aqueous KCl at concentrations of a) 0.00 M, b) 0.02 M, c) 0.05 M and d) 0.20 M, or 4.80 
mL of salt solutions (0.10 M) of e) LiCl, f) NaCl, g) RbCl, h) CsCl or i) NH4Cl. All images 




Figure 4.4. SEM images of the precursor titania particles prepared with varying HDA/Ti 
molar ratios of a) 0.05, b) 0.10, c) 0.20, d) 0.50, e) 2.00 and f) 4.00. The molar ratio for the 




Figure 4.5. SEM images of the precursor titania particles prepared with varying H2O/Ti molar 
ratios of a) 4, b) 5, c) 8, d) 10, d) 12 and f) 15. The molar ratio for the rest of the reaction 



















Figure 4.6. SEM images of the precursor titania particles synthesized at varying temperatures 
of a) -10 °C, b) 0 °C, c) 10 °C, d) 40 °C, e) 50 °C and f) 70 °C. The molar ratio for the 
reaction system was TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. All images are at the same 
scale. 
It is generally accepted that the nature of an alcoholic solvent has an important effect 
on particle size and homogeneity.17, 29 Figure 4.1a and 4.2 show that the mean particle 
size of the MATSs increased from 0.5 to 1.7 to 2.4 µm as the alcohol alkyl chain 
lengthened (C ≤ 4) from ethanol to 1-propanol to 1-butanol, with corresponding 
standard deviations () of 9.5%, 25.7% and 4.8%, respectively. Yet, the sample 
prepared in 1-pentanol possessed a mean diameter of only 1.4 µm but maintained 
reasonable monodispersity ( = 13.9%). In addition, all spheres produced in the 
secondary alcohols, 2-propanol and 2-butanol, were much smaller than those in the 
primary alcohols. Based on these results, amorphous TiO2 spheres synthesized in 
1-butanol possessed the largest diameter and highest degree of monodispersity.  
Eiden-Assmann et al. reported that the size and size distribution of spheres are very 
sensitive to the added salt (LiCl, NaCl, KCl, RbCl, CsCl and NH4Cl), and the salt 
concentration in the absence of surfactant.20 Particle size decreases significantly with 
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increasing cationic radii and concentration in the reaction medium due to the increase 
of ionic strength. Figures 4.1b, 4.2c and 4.3e-i show that alkali salts at the same 
concentration (0.1 M) produced MATSs of similar size. Therefore, the participation of 
the surfactant HDA was possibly an important factor affecting sphere size. The effect 
of the HDA/Ti molar ratio on particle size is illustrated in Figure 4.1c and 4.4. In the 
absence of HDA, no precipitation occurred even when the solution was left open to 
the air for 3 months. The micrometer-sized MATSs decreased in size from 3.0 ± 
0.5µm to 1.6 ± 0.2 µm when the HDA/Ti ratio was increased from 0.5 to 4. 
Interestingly, monodispersity increased greatly when the HDA/Ti ratio was 1 or above. 
In addition, insufficient salt (KCl) led to particles with broader size distributions 
(Figure 4.1d and 4.3a-d). Therefore, adding appropriate amounts of salt and surfactant 
to the reaction system are necessary to obtain uniform, micrometer-sized amorphous 
TiO2 precursor particles.  
Figures 4.1e, 4.2c and 4.5 show that particle size monodispersity and diameter can be 
manipulated by varying the water to titanium molar ratio. For example, no precipitates 
formed when insufficient water (H2O:Ti ≤ 2) was added. Increasing the H2O:Ti ratio 
to 3:1 produced only a slightly turbid solution after being kept static for 18 h. Even at 
a ratio of 4:1, the yield of spheres was low at 23%. Monodisperse spheres with a 
diameter of 2.9 ± 0.3 µm were obtained when a molar ratio of 5:1 was reached, and 
became highly uniform in size at a 6:1 ratio (2.4 ± 0.1 µm). If the water amount was 
further increased, above a ratio of 8:1, particle size distribution became broader and 
dimers formed. For even greater water content (H2O:Ti ≥ 10), the final particle size 
was drastically reduced and agglomeration occurred. Similar morphologies resulted in 
the absence of HDA when H2O:Ti ≥ 10 (Figure 4.7), indicating that the 
structure-directing role of HDA can only take effect within a limited water to titanium 




Figure 4.7. SEM images of the precursor titania particles prepared in the absence of HDA 
with varying H2O/Ti molar ratios of a, c) 10, and b, d) 12. The molar ratio for the rest of the 









Another factor affecting the size of MATS is the number of nuclei in the solution. A 
higher degree of separation between seed formation and growth processes leads to 
more monodisperse particles.18 The induction time (the duration after addition of TIP 
until the milky white solution was observed) of the standard spheres achieved from 
the typical synthesis is around 430 s. Preformed nuclei in the system can probably act 
as seeds to form large spheres. A comparable experiment was conducted by adding 
water (as aqueous 0.1 M KCl) in two steps 30 min apart. The first step produced seed 
nuclei in the reaction solution. The second step induced particle growth based on the 
preformed nuclei. Seed numbers are controlled by the amount of water added in the 
first step. As shown in Figure 4.8, the less water added in the first step, the less seeds 
formed, the bigger the final spheres obtained.  
 
Figure 4.8. SEM images of precursor titania particles prepared by two additions of equal 
volume of KCl (0.1 M, 4.8 mL total) of a) 1.6+3.2 mL, b) 2.4+2.4 mL and c) 3.2+1.6 mL. The 
interval between the two steps was 30 min. The molar ratio for the reaction system was 




The temperature at which the reaction was conducted had a profound effect on MATS 
size (Figures 4.1f, 4.2c and 4.6), but not crystallinity with all spheres confirmed as 
amorphous by wide-angle XRD (Figure 4.9). 
 
Figure 4.9. XRD patterns of the precursor titania particles synthesized at varying 




For example, the largest spheres produced in this study had a diameter of 5.39 ± 0.68 
µm (Figure 4.10), and were obtained from a reaction system with molar ratio of 
TIP:BuOH:HDA:H2O:KCl = 1:83.3:0.375:3:5.5×10
-3 at 50 °C. 
 
Figure 4.10. a) SEM image and b) the corresponding size distribution histogram of the largest 
sample synthesized at 50 °C. The molar ratio for the reaction system was 
TIP:BuOH:HDA:H2O:KCl = 1:83.3:0.375:3:5.5×10-3. 
On the basis of the above results, the size of the precursor spheres seems to be decided 
by a competitive process between solubility and hydrolysis rate. The higher the 
solubility, the fewer the number of nuclei, and so the larger the sphere formed. The 
hydrolysis rate functioned vice versa. The solubility of Ti(OH)4 gel in different 
solvents was investigated by Sugimoto’s group.22, 23 The high solubility of Ti 
oligomers was mainly due to the low affinity (i.e. polarity) between solvent molecules, 
e.g. the solubility of Ti oligomers in 1-butanol (polarity index 4.0) was higher than in 
ethanol (polarity index: 5.2). This explains why larger spheres were obtained in 
1-butanol, and also 1-propanol and 1-pentanol, than in ethanol (Figure 4.1a). 
Furthermore, the polarity index of water is 9.0, which was in keeping with the result 
that smaller spheres were produced in higher molar ratio H2O:Ti (Figure 4.1e), 
because the solubility of oligomers in 1-butanol was reduced by the increase of 
water.23 In an ethanol system with H2O:Ti = 3:1, a milky white solution was obtained 
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instead of a slightly turbid solution, which further confirmed that the solubility in 
1-butanol was larger than in ethanol.19 In addition, excess water also contributes to the 
formation of polydisperse spheres due to reinforcement of hydrogen bonding among 
the oligomers. The decrease in the size of the precursor spheres with increasing 
HDA:Ti molar ratio (Figure 4.1c) was ascribed to the reduction in solubility of 
oligomers by the addition of more HDA. With the increase of temperature, the 
solubility of the oligomers increases. It was supposed that large spheres were obtained 
at increasing temperatures as fewer nuclei formed (Figure 4.1f); however, the 
hydrolysis rate also increases with increasing temperature, so the number of nuclei 
increase as well. When the temperature was ≤ 50 °C, solubility influenced the number 
of nuclei more than the hydrolysis rate. Yet, the hydrolysis rate of TIP dramatically 
accelerated with increasing temperature. Hence, this explains why the size of the 
spheres decreased for the reaction at 70 °C, but at -10 °C the sphere size was 
relatively large as the hydrolysis rate was greatly slowed. The influence of the 
hydrolysis rate on MATS size additionally depends on the Ti source. For example, 
highly monodisperse titania precursor spheres obtained from titanium butoxide were 
larger than those from TIP (Figure 4.11). One possible reason is that the hydrolysis 
rate of TIP is much higher than that of titanium butoxide. 
 
Figure 4.11. SEM images of precursor titania particles synthesized when using different Ti 
sources: a) TIP or b) titanium butoxide. The molar ratio for the reaction system was 
Ti:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. Both images are at the same scale. 
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Figure 4.12. a, b) SEM images and c, d) TEM images of ultramicrotomed samples of typical 
monodisperse precursor titania spheres. The molar ratio for the reaction system was 
TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. The inset in b) is the corresponding size 
distribution histogram and the inset in c) is the SAED pattern of the precursor particles. 
The SEM image shown in Figure 4.12a is typical for MATSs prepared at room 
temperature using a molar ratio of TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011, and 
reveals that the sample consists of well-defined spherical structures that have a narrow 
size distribution with a mean diameter of 2.4 µm (standard deviation  = 4.8%). No 
granular features were observed on the surface of the spheres (Figure 4.12b), 
indicating that the precursor spheres were composed of ultrafine particles. The interior 
structures of the spheres were investigated by TEM after ultramicrotoming. The 
sample was solid to the core (Figure 4.12c) and possessed a homogeneous worm-hole 
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like pattern (Figure 4.12d). The corresponding selected area electron diffraction 
(SAED) pattern showed that the sample was amorphous (Figure 4.12c inset). 
Characterization by nitrogen gas sorption (Figure 4.13) showed a type II sorption 
isotherm, and a low specific surface area (2.4 m2 g-1) and pore volume (0.005 cm3 g-1), 
indicating that the sample was non-porous.  
 
Figure 4.13. Nitrogen sorption isotherm of the precursor titania spheres. The molar ratio for 
the reaction system was TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. 
 
Thermal analysis revealed that the titania content was around 50% of the mass of the 
precursor sample (Figure 4.14). As displayed in the graph, there are four main weight 
loss stages for the MATSs. The first weight loss appears below 160 °C accompanied 
by a broad endothermic peak in the DTA curve with a minimum around 80 °C, which 
is mainly associated with the release of physically adsorbed water. The second weight 
loss occurred from 160 °C to 310 °C and was mostly due to the volatilization of 
organic molecules, though removal of chemically adsorbed water also contributed to 
the loss. A sharp weight loss ranging from 330 °C to 460 °C, along with a striking 
exothermic peak centered at 330 °C, was due to the decomposition and desorption of 
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HDA molecules, which have a boiling point of 330 °C. Another key weight loss on 
the TGA curve was in the range from 560 °C to 650 °C, and was marked by a 
characteristic sharp exothermic peak on the DTA curve. This was mainly ascribed to 
the oxidation of organics on the TiO2 surface and crystallization from the amorphous 
phase to anatase titania. 
 
Figure 4.14. TGA (left axis) and DTA (right axis) curves plotted against temperature for the 
precursor titania spheres. The molar ratio for the reaction system was 
TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. 
FTIR-ATR spectra indicated that the Ti species/oligomers and amino groups of HDA 
formed titania-amine complexes uniformly in the precursor spheres (Figure 4.15).18 
The absence of the NH2 stretching vibration (double peaks near 3300 cm
-1) and N-H 
wagging vibration (800 cm-1), and the shift in the N-H deformation vibration from 
1570 to 1521 cm-1 indicate the formation of titania-amine complex bonds that are 





Figure 4.15. FTIR-IR spectra of the precursor titania spheres and HDA. The molar ratio for 
the reaction system was TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011.  
MATSs can readily be converted into monodisperse, mesoporous anatase titania 
spheres (MMTSs) upon solvothermal treatment followed by calcination (Figure 4.16). 
Three different sets of MMTSs with different pore size distribution were prepared by 
simply adjusting the volume ratios (mL) of ethanol, H2O and ammonia (10:20:0, 





Figure 4.16. XRD patterns of a) the micrometer-sized mesoporous titania spheres obtained 
after solvothermal treatment and calcination of the precursor materials and b) the same 
spheres loaded with Pd nanoparticles. The patterns for S2, S3, S2-Pd and S3-Pd have been 
shifted up the intensity axis for clear comparison. The precursor titania spheres were prepared 
at a molar ratio of TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. 
The MMTSs possessed narrow pore sizes ranging from 6.4 to 28.8 nm (Figure 4.17), 
pore volume from 0.11 to 0.45 cm3 g-1 (Figure 4.18) and specific surface areas up to 
118 m2 g-1.  
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Figure 4.17. Nitrogen sorption isotherms of a) the micrometre-sized mesoporous titania 
spheres obtained after solvothermal treatment and calcination of the precursor materials and b) 
loaded with Pd nanoparticles. The isotherms of S2 and S2-Pd, and S3 and S3-Pd were shifted 
upwards by 50 and 200 cm3 g-1, respectively. The precursor titania spheres were prepared at a 
molar ratio of TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011. 
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Figure 4.18. Pore diameter distributions of the micrometer-sized mesoporous titania spheres 
obtained after solvothermal treatment and calcination of the precursor materials and these 
spheres loaded with Pd nanoparticles. The precursor titania spheres were prepared at a molar 




Figure 4.19. SEM images of a, b) S1, c, d) S2 and e, f) S3 micrometer-sized mesoporous 
titania spheres obtained after solvothermal treatment and calcination of the precursor 
materials. The precursor titania spheres were prepared at a molar ratio of 
TIP:BuOH:HDA:H2O:KCl = 1:222:1:6:0.011.  
Importantly, the final spheres maintained the uniformity of the precursor MATSs 
(compare Figure 4.19 with Figures 4.2c and 4.12b), and featured high densities of 
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hydroxyl groups on their surfaces (Table 4.1). After loading Pd nanoparticles of 3-5 
nm size on the different mesoporous spheres via an in situ reduction procedure, the 
pore size, surface area, pore volume and porosity of the samples all dropped (Figure 
4.17b, 4.18 and Table 4.1). It is probably due to pore blocking and/or filling, shielding 
of the surface, and Pd nanoparticles having a low surface area themselves. 
Additionally, the Pd nanoparticles were well-distributed on the TiO2 particles, as 
observed by TEM (Figure 4.20).  
Table 4.1. Physical properties of the micrometre-sized mesoporous TiO2 spheres. The 
precursor titania spheres were prepared at a molar ratio of TIP:BuOH:HDA:H2O:KCl = 
1:222:1:6:0.011. 
 






Porosity (%) OH group 
[nm-2] 
MATS 2.4 N/A 0.005 N/A N/A 
S1 83 6.4 0.106 29 5.7 
S1-Pd 69 5.0 0.085 25 N/A 
S2 118 15.1 0.350 58 5.0 
S2-Pd 108 14.0 0.258 50 N/A 
S3 93 28.8 0.447 63 5.2 
S3-Pd 81 26.6 0.293 53 N/A 
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Figure 4.20. TEM image of the Pd/TiO2 composite S2-Pd. 
The reduction of 4-NP by NaBH4 to 4-aminophenol (4-AP) was used as a model 
reaction to evaluate the performance of the Pd/TiO2 catalyst system S2-Pd (observed 
spectroscopically, Figure 4.21), which was immobilized on a membrane instead of 
being dispersed in an aqueous solution. The calibration curve of 4-NP is shown in 
Figure 4.22.  
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Figure 4.21. Catalytic reduction of 4-NP to 4-AP: a) time dependent absorption spectra of the 
reaction solution in the presence of the Pd/TiO2 composite S2-Pd; b) plot of [ln(C/C0)] against 
the reaction time for S2-Pd. 
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Figure 4.22. Calibration curve of 4-NP in a 20 mM NaBH4 solution, showing the region 
where the Beer-Lambert Law is fully fitted. 
Figure 4.21b shows the linear relationship between ln(C/C0) and reaction time in the 
reduction catalyzed by sample S2-Pd, where C and C0 are the reaction and initial 
4-NP concentrations, respectively. Despite immobilization, the kinetic constant, k, was 
0.14 min-1, indicating that the Pd/TiO2 system exhibited good catalytic efficiency. 
Conversely, without the catalytic Pd nanoparticles, the reduction proceeds very slowly, 
even with an excess amount of NaBH4 for an extended period of time (Figure 4.23). 
When the catalyst was cycled for the reduction of 4-NP, the performance exceeded 88% 
for seven cycles (Figure 4.24), and still showed 73% conversion after ten successive 
cycles. Therefore, the Pd/TiO2 not only possesses a high catalytic activity, but also 





Figure 4.23. UV-Visible absorption spectra of 4-NP in the presence of S2 micrometer-sized 
mesoporous TiO2 and NaBH4 for 2 h. 
 
 
Figure 4.24. Conversion of 4-NP over 10 successive reduction cycles (of 27 min each) with 
the Pd/TiO2 composite S2-Pd. 
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4.4 Conclusion 
In summary, micrometer-sized, monodisperse, amorphous titania spheres were 
prepared via a facile sol-gel process. By tuning the solvent, salt species and 
concentration, HDA content, water amount, reaction temperature and titania source, 
the size of the resultant spheres was controllably varied (up to 5.39 µm).The size was 
determined by the number of nuclei formed, which depended on a competitive process 
between solubility of Ti(OH)4 gel and hydrolysis rate of Ti (IV) source. High 
solubility and low hydrolysis rate result larger spheres. The precursor spheres readily 
converted into mesoporous titania spheres under solvothermal treatment. The resultant 
mesoporous spheres were used as catalyst supports for Pd nanoparticles. When used 
as a catalyst for the reduction reaction of 4-NP to 4-AP, the Pd/TiO2 sample (S2-Pd) 
exhibited good catalytic activity and cyclability. 
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Chapter 5. Surface-Metastable Phase-Initiated Seeding and 
Ostwald Ripening: A Facile Fluorine-Free Process towards 
Spherical Fluffy Core/Shell, Yolk/Shell, and Hollow Anatase 
Nanostructures 
5.1 Introduction 
Hollow inorganic nanostructures have received recent attention because of their 
numerous promising applications and significant effort has been dedicated to 
developing facile and effective approaches for the fabrication of various hollow 
structures.1-14 Among diverse synthesis approaches, Ostwald ripening6, 15-19 has 
recently shown great versatility for the generation of a variety of hollow inorganic 
crystalline structures. Although this Ostwald ripening approach has explained the 
fabrication of numerous hollow materials with different compositions, direct evidence 
in support of this hollowing mechanism is lacking because most research investigated 
the hollow structures using conventional mass/thickness contrast TEM imaging 
technique with limited spatial resolution. 
In this chapter, a novel surface metastable phase mediated synthesis strategy to 
fabricate spherical 'fluffy' core/shell, yolk/shell and hollow anatase nanostructures via 
a fluorine-free solvothermal process is shown. By systematically investigating the 
growth process using a range of characterization techniques (including SEM, 
ultramicrotomy, TEM, XRD, nitrogen gas sorption and TGA-DTA) unambiguous 
evidence relating to the surface seeding, crystal growth via Ostwald ripening and the 
subsequent hollowing process was observed. The presence of ammonia in the 
solvothermal step was paramount to the hollowing process as it retarded the direct 
crystallization from amorphous titania to anatase nanocrystals and promoted the 
formation of metastable ammonium titanate nanoflakes on the surfaces of the 
precursor particles. The anatase nanocrystals derived from the surface ammonium 
titanate intermediates acted as the seeds and initiated the Ostwald ripening process,20, 
21 and gave rise to anatase nanostructures with diverse complex morphologies. The 
resulting hollow anatase microspheres showed an enhanced photocatalytic activity 
over the commercial benchmark (P25 nanoparticles), indicating their potential for 
application in the photocatalysis field. This novel surface metastable phase mediated 
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synthesis strategy is an important step toward the facile and reproducible synthesis of 
a wide variety of functional hollow nanostructures with diverse composition or 
morphologies in future. This study has been published in Angewandte Chemie 
International Edition and the work was highlighted in 'Chemistry in Australia' 
magazine (Appendix 8.1) and chosen as “front cover” in PFPC 2014 Annual report 
(Appendix 8.2). The published manuscript and the supporting information are 
presented in section 5.2. Reprinted from “Surface-Metastable Phase-Initiated Seeding 
and Ostwald Ripening: A Facile Fluorine-Free Process towards Spherical Fluffy 
Core/Shell, Yolk/Shell, and Hollow Anatase Nanostructures. Angew. Chem. Int. Ed. 
2013, 52, 10986-10991”, copyright (2013), with permission from John Wiley and 
Sons. 
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A wide variety of hollow inorganic nanostructures have
received recent attention because of their promising applica-
tions including drug delivery, photocatalytic redox reactions
and water splitting, clean energy conversion and storage, gas
sensing, and heavy-metal ion sequestration.[1] Significant
effort has been dedicated to developing facile and effective
approaches for the fabrication of various hollow structures
with sophisticated architectures and varied composition-
s.[1a–d, 2] Among the diverse synthesis approaches (e.g. tem-
plating synthesis, Kirkendall diffusion process, Galvanic
replacement method), Ostwald ripening,[2f,g,3] a well-known
physical phenomenon, has recently shown great versatility for
the generation of diverse hollow inorganic crystalline struc-
tures on micro-/submicrometer scales.[2f,g,4] For this approach,
it is generally believed that the central crystallites with
relatively small sizes would have a strong tendency to dissolve
into solution, and then be subsequently relocated to the
particle surface by a recrystallization process, thus giving rise
to nanostructures with hollow interior spaces. The ultimate
architecture of the interior space highly depends on the
packing of the initial crystalline aggregates prior to the
Ostwald ripening process.[2f,g]
Although this template-free Ostwald ripening approach
has explained the fabrication of numerous different hollow
materials,[2f,g,3–5] direct evidence in support of this formation
mechanism is lacking because most research investigated
these hollow structures using conventional mass/thickness
contrast obtained using TEM.[2f,g,3,4] Because of the relatively
large size (usually > 200 nm) of the nanostructures and the
overlap of the shell from both sides of the sample in the
image, the detailed architecture (e.g. crystal size, morphology,
uniformity, packing manner, porosity and thickness) of the
shell layers could not be resolved using conventional TEM
characterization. Thus, unambiguous evidence relating to the
seeding (formation of crystalline nanoparticles on the surfa-
ces), crystal growth through Ostwald ripening (formation of
larger crystals at the expense of smaller counterparts) and the
subsequent hollowing process has not been available.
As an important material with numerous practical appli-
cations and industrial interest, titania has attracted significant
attention since its commercial production in the early 20th
century.[6] The Ostwald ripening process has been applied to
synthesize diverse hollow titania nanostructures,[2f,g,4a,b, 5] how-
ever, the fabrication process usually involves the participation
of various fluorides (e.g. TiF4),
[4a,b, 5] which produces highly
corrosive and toxic hydrofluoric acid (HF) during the syn-
thesis. Extra care and protection is essential in handling HF
acid, thus decreasing the practicality of this synthesis
approach. Therefore a fluorine-free and effective process
for the fabrication of diverse hollow titania nanostructures
would be desirable, especially for the potential large-scale
production of these nanostructures. We demonstrate herein
a facile and versatile fluorine-free solvothermal process to
fabricate anatase nanostructures with diverse sophisticated
morphologies, including spherical “fluffy” core/shell, yolk/
shell, and hollow nanostructures. A metastable phase on the
surface of the spheres initiated seeding and the Ostwald
ripening process, as determined from a range of character-
ization techniques that revealed the morphological evolution
and crystallization process occurred in the presence of an
ammonia solution.
These nanostructures were synthesized using a facile one-
pot solvothermal crystallization process featuring three step-
wise reaction stages as shown in Scheme 1. The experimental
details of the synthesis and characterization of these samples
can be found in the Supporting Information. This solvother-
mal crystallization proceeded in the presence of 21.3 wt%
ammonia solution within an autoclave heated at 160 8C and
no fluorine species were required during the synthesis. After
calcination at temperatures over 500 8C in air, the amorphous
titania cores of the intermediates can be readily converted
into particulate anatase counterparts without damaging the
overall morphologies, thus enabling a facile and scalable
approach for fabricating spherical “fluffy” core/shell, yolk/
shell, and hollow anatase nanostructures.
Scheme 1. Formation process of diverse titania/titanate nanostruc-
tures: 1) precipitation of a metastable phase, ammonium titanate
nanoflakes, on the surfaces of amorphous titania microspheres using
an energy-favored heteronucleation process, producing a “fluffy” core/
shell-structured intermediate; 2) phase transformation of the metasta-
ble ammonium titanate nanoflakes to anatase nanocrystals occurred in
the shell layer of the intermediate microsphere whereas the core
remained amorphous, which subsequently initiated an Ostwald ripen-
ing process and gave rise to the yolk/shell nanostructures; and
3) formation of self-supported porous shells consisting of faceted
anatase nanocrystals with a gradient in size using the Ostwald
ripening process.
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To illustrate the formation mechanism of these titania
nanostructures, an investigation using SEM, TEM, XRD, and
thermogravimetric/differential thermal analysis (TGA/DTA)
was conducted to monitor the morphological evolution and
crystallization process as a function of the solvothermal
treatment time. SEM images of the precursor microspheres
and the solvothermally treated counterparts (prior to calci-
nation) at varied intervals (0, 16, 24, and 48 h) are shown in
Figure 1. In conjunction with the SEM images showing
detailed surface features of the microspheres, these samples
were ultramicrotomed to about 90 nm thick sections and
analyzed using TEM to investigate the porous shells and
interior core structures. Precursor microspheres possess fairly
smooth surfaces (Figure 1a1 and Figure S1a in the Supporting
Information), indicating they consist of ultrafine primary
particles. These precursor microspheres have wormhole-like
mesostructures throughout the whole particle (Figure 1a3
surface and 1a4 core) and are amorphous at atomic scale as
identified by the corresponding XRD pattern (Figure S1m)
and diffuse selected-area electron diffraction (SAED) pattern
(Figure S2a). After solvothermal treatment at 160 8C for 2 h,
microspheres covered with a few thin sheetlike nanostruc-
tures are observed (Figure S1c,d). The corresponding XRD
pattern demonstrates that these microspheres are still amor-
phous (Figure S1m). Progressively more sheetlike nanostruc-
tures formed on the surfaces of the microspheres when
prolonging the solvothermal time to 4 and 16 h (Figure S1e–
h). After 4 h, an obvious diffraction peak around 2q = 9.88
appeared in the corresponding XRD pattern (Figure S1m).
By further increasing the solvothermal treatment time to 16 h,
this low-angle diffraction peak became more distinct along
with the appearance of three other diffraction peaks around
2q = 27.6, 48.1, and 62.98. All these diffraction peaks are
associated with the sheetlike nanostructures covered on the
surfaces of the microspheres and can be ascribed to the
formation of ammonium titanate,[7] a lamellar titanate
intercalated with ammonium cations between TiO6 octahedra
layers. For the microspheres solvothermally treated for 16 h
(Figure 1b1), a “fluffy” amorphous titania/ammonium tita-
nate core/shell nanostructure was obtained. The correspond-
ing SEM and TEM images (Figure 1b1, 1b2, and 1b3) clearly
show that the titanate nanoflakes are attached to the surfaces
of the spherical particle. These nanosheets have an interlayer
spacing of about 0.80 nm (inset in Figure 1b3), which is close
to the interplanar distance of the (200) plane of the
ammonium titanate,[7b] further confirming the formation of
such a metastable intermediate phase. As shown in Fig-
ure 1b4, this “fluffy” core/shell nanostructure possessed an
amorphous core featuring the wormholelike mesostructure.
With increased reaction time (24 h), shown in Figure 1c1 and
1c2, the cores shrank, producing unique yolk/shell nano-
structures. Such yolk/shell nanostructures possess an inter-
meshed particulate shell consisting of both ammonium
titanate nanosheets and anatase nanocrystals (Figure 1c1–
c3), while retaining a mesostructured amorphous yolk (Fig-
ure 1c4). The crystal phase of these yolk/shell nanostructures
was determined by the corresponding XRD pattern (Fig-
ure S1m), in which a reduced peak intensity in ammonium
titanate phase and the occurrence of additional diffraction
peaks around 2q = 25.6, 38.1, 48.1, and 62.98 are observed.
These newly appearing peaks can be indexed to the (101),
(004), (200), and (204) planes of the anatase titania, respec-
tively, indicating the occurrence of a gradual phase trans-
formation from ammonium titanate to anatase titania.[7c]
Further increasing the solvothermal treatment to 48 h gives
rise to anatase microspheres with completely hollow interiors
(Figure 1d1, 1d2, and Figure S1k). These hollow micro-
spheres have a porous shell of about 550 nm in thickness
and an inner cavity of about 1200 nm in diameter. The shells
are mainly composed of faceted rodlike nanocrystals with
a length ranging from 10 to 300 nm, and relatively small
anatase crystals primarily gathered on the inner surfaces of
the hollow spheres. The corresponding XRD pattern (Fig-
ure S1m) revealed that these nanocrystals are well-crystal-
lized anatase-phase titania.
The presence of amorphous titania in the core regions of
the microspheres solvothermally treated for less than 24 h is
also supported by the corresponding DTA results (Fig-
ure S3a). The sharp exothermic peaks centered at 472 8C,
which can be mainly ascribed to the crystallization from
amorphous to anatase titania,[8] were clearly observed for the
microspheres solvothermally treated for 2 and 16 h. This
exothermic peak became less defined for the microspheres
Figure 1. SEM and TEM (ultramicrotomed sections) images of the
amorphous precursor microspheres (a1–a4) and solvothermally
treated titania microspheres (prior to calcination) obtained with
varying solvothermal times: 16 h for amorphous titania/ammonium
titanate core/shell structures (b1–b4, the inset in b3 shows a high-
resolution TEM image of the ammonium titanate nanosheets); 24 h
for amorphous titania/anatase yolk/shell structures (c1–c4); and 48 h
for anatase hollow microspheres (d1–d4). Images shown in a3, b3,
and c3 and those in a4, b4, and c4 display the edge and the core
sections of the titania microspheres, respectively. d3 and d4 images
show parts of the outer and inner shell of the anatase hollow structure,
respectively. Note: SEM images were taken without sputter coating.
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solvothermally treated for 24 h because of the decrease in the
amorphous titania core content. When prolonging the sol-
vothermal time to 48 h, no obvious exothermic peak was
observed on the corresponding DTA curve (Figure S3a),
suggesting that the amorphous phase in these microspheres
has been fully converted to anatase during the solvothermal
crystallization. The overall weight loss of the solvothermally
treated samples decreased with increasing solvothermal
treatment time as shown in the TGA curves (Figure S3b).
This indicates that the microspheres gradually became less
hydrated and the organic residue content decreased with
increasing solvothermal treatment time.
The above SEM, TEM, XRD, and TGA-DTA results
clearly indicate that 1) sheetlike ammonium titanate, an
intermediate phase, formed and kept growing on the outer
surfaces of the microspheres during the early stage (< 16 h) of
the solvothermal process, 2) being a metastable phase, this
ammonium titanate can be readily transformed into anatase
with further solvothermal heating ( 24 h), and 3) the anatase
nanocrystals formed on the shell layers of the spherical
particles acted as the seeds and initiated the well-known
Ostwald ripening process towards the formation of hollow
anatase microspheres. This is different to most of the previous
published articles in which the hollowing process is generally
suggested to start from the center of the spherical parti-
cles.[2f,g,4a] The hollowing process, as evidenced by the TEM
images of the ultramicrotomed sample sections, occurred
initially from the surfaces just underneath the crystalline shell
layer and it proceeded inwardly at the expense of the interior
amorphous core.
To understand the role of ammonia in the formation of
these hollow titania nanostructures, a control experiment was
conducted by replacing the ammonia solution with water
under otherwise identical conditions. As shown in Fig-
ure S4a–m, the resulting microspheres were composed of
ultrafine anatase nanocrystals. The high-magnification TEM
images (Figure S4e,f or k, l) indicate that the nanocrystals are
nearly identical in size throughout the whole particle when
ammonia was not present. Because of the absence of obvious
difference in crystal size between the shell layers and the core
regions of these microspheres, the Ostwald ripening process
was less likely to be trigged to form the hollow spheres in this
case.
The “fluffy” core/shell intermediates (solvothermally
treated for 16 h) and the yolk/shell nanostructures (solvo-
thermally treated for 24 h) can be readily converted to
anatase counterparts without changing the overall morphol-
ogies during calcination. Figure 2 displays SEM and TEM
images of these anatase nanostructures calcined at 650 8C for
2 h in air. “Fluffy” core/shell anatase nanostructures (Fig-
ure 2a,b and Figure S5a,b) were covered by thin sheetlike
nanostructures on the outer surfaces. As illustrated by
a broken microsphere, Figure S5b, the core of the micro-
sphere is composed of granular nanocrystals. This result is
also confirmed by the corresponding TEM images shown in
Figure S5c and S5d, in which a homogeneous particulate
network consisting of about 20 nm crystals is clearly observed
throughout the whole core of the sliced sample. Elongated
nanocrystals surrounding this core (Figure S5c) correspond to
the sheetlike nanostructures. Anatase nanostructures with
yolk/shell structure are shown in Figure 2c and 2d. In this
case, the shells consist of a mixture of sheetlike and elongated
nanocrystals (Figure 2c and Figure S6), while the yolks are
spherical assemblies of nanocrystals (Figure 2 d). The result-
ing nanostructures are monodisperse entities, for example, the
hollow anatase microspheres (shown in Figure 2e) possess an
average diameter of 2.3 0.1 mm based on analysis of
240 entities (shown in Figure S7). A typical high-magnifica-
tion SEM image, as shown in Figure 2 f, clearly reveals the
rough surface feature and the presence of a void (about
380 nm in diameter) on the surface. As confirmed by the
corresponding TEM analysis (Figure 2g), these titania micro-
spheres possess hollow chambers and uniform shells of about
550 nm in thickness (Figure 2g and h). The shells are mainly
composed of faceted rodlike nanocrystals with a length
ranging from 10 to 300 nm. The corresponding high-resolu-
tion TEM image (Figure 2 i) shows continuous lattice fringes
throughout the whole nanocrystal to the edges, indicating
a high crystallinity of the products. Spacing between the
lattice fringes of the nanocrystals was measured to be 0.35 nm,
which corresponds to the spacing of (101) planes of the
anatase phase (JCPDS card No. 21-1272), indicating an
oriented elongation of the crystal along the [001] direction.
XRD studies were carried out to investigate the crystal
phase and crystallinity of these calcined products. As
illustrated in Figure S8a, XRD patterns of these calcined
microspheres can be assigned to the anatase phase of titania.
The diffraction peaks become sharper when the solvothermal
treatment time was prolonged from 16 to 24 h, and to 48 h,
indicating formation of larger anatase crystals with enhanced
crystallinity by increasing the solvothermal treatment time.
An X-ray photoelectron spectroscopy (XPS) survey and high-
resolution spectra analysis were performed to further inves-
tigate surface compositions and crystallinity of the resulting
nanostructures (Figure S8b and S9). The high-resolution Ti2p
Figure 2. SEM and TEM (ultramicrotomed sections) images of the
calcined “fluffy” core/shell anatase microspheres (a, b, Solvo-16 h-Cal),
yolk/shell anatase microspheres (c, d, Solvo-24 h-Cal) and hollow
anatase microspheres (e–i, Solvo-48 h-Cal), i) high resolution TEM
images of a typical rodlike nanocrystal indicating its high crystallinity
and oriented elongation along the [001] direction. Note: SEM images
were taken without sputter coating.
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XPS spectra shown in Figure S8b further confirming an
enhanced crystallinity of the resulting products.[9]
The photocatalytic activity of these calcined microspheres
was evaluated by the photodegradation of methylene blue
(MB), a probe molecule, under UV light irradiation. For
comparison, the photocatalytic activity of nanoparticles of
Degussa P25, a well-known highly efficient titania photo-
catalyst, was also measured under the same conditions.
Figure S10 represents a time profile of the MB absorption
spectra recorded in the presence of hollow anatase micro-
spheres exposed to UV light. To compare the reaction kinetics
of the MB degradation, a pseudo-first-order reaction rate
equation was used (ln(C/C0) = kt, where C and C0 refer to the
concentration of MB at the irradiation time t and 0 minutes, k
and t are the reaction rate constant and photodegradation
time, respectively). As shown in Figure 3, the plots are linear
indicating a fit with the pseudo-first-order reaction kinetics,
and the degradation of MB improved with increasing
solvothermal treatment time (from 16 to 48 h). The hollow
anatase microspheres show a much higher degradation rate
(k = 0.0750 min1) than those microspheres with either
“fluffy” core/shell structure (Solvo-16 h-Cal, k =
0.0211 min1) or yolk/shell structure (Solvo-24 h-Cal, k =
0.0243 min1). The hollow anatase microspheres display
higher photocatalytic performance than that of the Degus-
sa P25 nanoparticles (k = 0.0673 min1) even though these
hollow microspheres possess lower surface area (41 m2 g1,
Figure S11) compared to that of the Degussa P25 (50 m2 g1).
UV/Vis diffuse reflectance spectra and plots of the Kubelka–
Munk function (i.e., relationship of [F(R)hn]1/2 versus photon
energy) to determine the bandgaps of these titania photo-
catalysts are shown in Figure S12a and S12b. The anatase
microspheres have relatively narrow bandgaps (3.25 eV for
Solvo-16 h-Cal and Solvo-24 h-Cal and 3.27 eV for Solvo-
48 h-Cal sample) compared with the Degussa P25 nano-
particles (3.36 eV). Among the above titania photocatalysts,
the hollow anatase microspheres possesses the lowest surface
area (41 m2 g1), however, this sample presents the best
photocatalytic activity. The superior photocatalytic activity
of these anatase hollow structures could be speculated to be
due to the following synergistic effects: 1) the unique hollow
structure could cause multireflection of the light once the
incident light has entered into the interior spherical chamber
(like a spherical integrating chamber), thus maximizing the
light harvesting and utilization efficiency;[10] 2) the hierarchi-
cally porous shells provide numerous diffusion paths for the
pollutants to travel throughout the material and promote
accessibility to the active surface sites;[11] 3) the intermeshed
networks of the shells and enhanced crystallinity, as con-
firmed by corresponding XRD, XPS, and HRTEM results,
could reduce the recombination rate of the photogenerated
electrons and holes and prolong the electron lifetimes and
diffusion lengths, therefore improving the overall photocata-
lytic activity.[6d, 12]
In summary, a versatile fluorine-free approach has been
demonstrated for structural and morphological engineering of
anatase nanomaterials and gave rise to spherical “fluffy” core/
shell, yolk/shell, and hollow anatase nanostructures using
a facile one-pot solvothermal process. The ammonia present
in the synthesis solution retarded the direct crystallization
from amorphous titania to anatase nanocrystals and pro-
moted the formation of metastable ammonium titanate
nanoflakes on the surfaces of the precursor particles. The
anatase nanocrystals derived from the ammonium titanate
intermediates on the surface acted as the seeds and initiated
the Ostwald ripening process, and thus gave rise to anatase
nanostructures with diverse complex morphologies. The
resulting hollow anatase microspheres showed an enhanced
photocatalytic activity over the commercial P25 nanoparti-
cles. It is believed that this novel surface-based, metastable
phase-mediated synthesis strategy could be extended to the
fabrication of a wide variety of functional hollow nano-
structures with diverse composition or morphologies in
future.
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Surface-Metastable Phase-Initiated Seeding and Ostwald Ripening: A
Facile Fluorine-Free Process towards Spherical Fluffy Core/Shell, Yolk/
Shell, and Hollow Anatase Nanostructures**






Chemicals: Titanium (IV) isopropoxide (TIP, 97%), hexadecylamine (HDA, 90%), and methylene blue 
(MB) were purchased from Sigma-Aldrich. 1-butanol (99.8%, Chem-Supply), absolute ethanol (>99.5%, 
Chem-Supply), potassium chloride (AR, BDH) and aqueous ammonia solution (25 wt.%, Merck) were 
used for the synthesis. Degussa P25 nanoparticles, a well-known benchmark titania photocatalyst, were 
used as a control for photocatalytic performance appraisal. All reagents were used as received without 
further treatment. The Milli-Q water used in the experiments was collected from a Millipore Academic 
purification system and had a resistivity no less than 18.2 MΩ·cm. 
Synthesis: Amorphous titania precursor microspheres were prepared via a sol-gel synthesis conducted in 
1-butanol using TIP as the precursor. In a typical synthesis, 11.92 g HDA was dissolved in 600 mL 1-
butanol, followed by the addition of 4.8 mL aqueous KCl solution (0.1 M). To this solution 13.57 mL TIP 
was added at once under intense stirring and remained stirring for 1 min at 22 °C. The stirring was 
stopped and the resulting milky white precursor suspension was kept static at room temperature for 18 h, 
then the amorphous precursor microspheres were collected by centrifugation, washed with 1-butanol once 
and ethanol 3 times. Finally, the as-prepared sample was covered with low lint cellulose papers 
(Kimwipes) and dried in a fume cupboard at ambient temperature for 6 days. 
To prepare hierarchical hollow titania microspheres, a solvothermal process was performed on the 
amorphous precursor microspheres (2.4±0.1 m) in the presence of 21.3 wt% ammonia solution. In a 
typical synthesis, 1.6 g of the precursor microspheres were dispersed in a mixed solution of 5 mL ethanol 
and 25 mL ammonia (25 wt%). The resulting mixture was sealed within a 50 mL Telflon-lined autoclave 
and heated at 160 °C for 48 h in a fan-forced oven. The products were collected by filtration, washed 
using ethanol 3 times and dried in air at room temperature. The dried powders were calcined at 650 °C for 
2 h (ramp rate of 1.6 °C min
-1
) in air to remove any organic remaining in the sample. To determine the 
formation mechanism of the hierarchical titania hollow microspheres, amorphous precursor microspheres 
were solvothermally treated for varying times (from 2 to 48 h) and the resulting samples were collected 




were labelled with Solvo- as a prefix followed by the solvothermal time (x h) in the general form of 
Solvo-xh. The solvothermally treated samples calcined at 650 °C for 2 h were labelled as Solvo-xh-Cal. 
For instance, Solvo-48h-Cal indicates the precursor microspheres that were solvothermally treated at 
160 °C for 48 h and then calcined at 650 °C for 2 h. To reveal the role of ammonia on the formation of 
such hollow microspheres, control experiments were conducted by replacing the ammonia solution with 
Milli-Q water under otherwise identical conditions. 
Photocatalysis: Experiments were conducted in a fume cupboard built in a ‘dark’ room illuminated using 
a weak red bulb, which was turned off unless necessary sample handling was required. To avoid exposure 
of the methylene blue (MB, probe molecule) solutions to visible light, all the probe solutions were kept in 
containers pre-wrapped with Al foil. Thus, the results obtained would not be affected by visible light. The 
photocatalytic performance was measured by analysing the degradation of MB under UV light irradiation 
after adding the photocatalyst (80 mg) into 160 mL solution (55.5 mg MB L
-1
) with continuous magnetic 
stirring. Prior to irradiation, the suspension was equilibrated in a reaction chamber by stirring in the dark 
for 1 h for MB adsorption onto the titania. The reaction chamber was kept at 20±1 °C, and was 
continuously bubbled with air (gas code: 052, BOC) during stabilization and degradation. A 500 W Hg 
(Xe) globe (Oriel) with a dichroic mirror (66226, Oriel, 280<λ<400 nm) was used as the light source. 
Following UV-radiation exposure, the degradation of the MB dye was monitored by taking 1.5 mL 
aliquots at regular irradiation time intervals (0, 15, 30, 45, 60 min). After removing the photocatalyst 
from each aliquot by centrifugation at 15000 rpm for 10 min, the supernatants were collected and the 
concentration of MB calculated by measuring the characteristic absorption peak of MB (665 nm) using a 
UV-vis spectrophotometer (Varian Cary 50 Bio, USA). 
Characterization: The morphology and particle size of the samples were observed under low vacuum 
mode using a field emission environmental scanning electron microscopy (Quanta 200F FEI, USA) with 
an accelerating voltage of 15 kV. The samples were not pretreated by metal sputter coating. In order to 
investigate the interior structures of the microspheres, samples were embedded in an LR-white resin and 




the resulting samples were obtained on a transmission electron microscope (FEI Tecnai F20, USA) 
operating at 200 kV. Powder X-ray diffraction (XRD, D8 Advances Diffractometer with Cu Kα radiation, 
Bruker, Germany) was used to determine the crystalline phase of the products. The diffractometer was set 
at 40 kV working voltage and 40 mA working current, with samples scanned from 5 to 80° in 2θ at a step 
size of 0.02° and a scan-step time of 4 s. Thermogravimetric and differential thermal analysis (TGA-
DTA) measurements were conducted on a Mettler Toledo TGA/SDTA 851
e
 Thermal Gravimetric 
Analyzer with a heating ramp of 10 °C min
-1
 under 30 mL min
-1
 flowing air. Nitrogen gas sorption 
isotherms were measured at -196 °C using a Micromeritics Tristar 3000 surface area and porosity 
analyser (USA). Prior to the measurement, the calcined samples were degassed at 150 °C for 18 h on a 
vacuum line. The specific surface areas of the samples were calculated by a standard multipoint 
Brunauer-Emmett-Teller (BET) method using the adsorption data in the P/P0 range from 0.05 to 0.20. 
The Barett-Joyner-Halenda (BJH) model applied to the adsorption branch of the isotherm was utilized to 
determine the pore size distributions of the samples. The X-ray photoelectron spectrometer (XPS) data 
were recorded on a VG ESCALAB 220i-XL spectrometer (UK) equipped with a twin crystal 
monochromated Al K X-ray source, which emitted a photon energy of 1486.6 eV at 10 kV and 22 mA. 
Samples were secured onto Al holders and were measured in the analysis chamber at a typical operating 
pressure of ~7×10
−9
 mbar. An electron flood gun was used to compensate the charging effect of non-
conductive materials. Spectra were obtained at a step size of either 1.0 eV (survey scans) or 0.05 eV 
(regional scans). Quantification and curve fitting of XPS spectra were performed using CasaXPS software. 
Ti2p and O1s peaks were curve-fitted using a Gaussian/Lorentzian (30) line shape with Shirley 
background type. The C1s peak at 285.0 eV was used as a reference for the calibration of the binding 
energy scale. UV-Vis diffuse reflectance spectra of the samples were collected at room temperature on a 
Cary 5000 UV-Vis-NIR spectrophotometer (USA) with an integrating sphere (Internal DRA-2500) 
accessory in the 300-800 nm wavelength region. The diffuse reflectance versus wavelength data 








= K/S, where R is the reflectance and K 






Figure S1. SEM images and the corresponding XRD patterns of the amorphous precursor microspheres 
(a, b) and solvothermally treated titania microspheres (prior to calcination) obtained with varying 
solvothermal times: 2 h (c, d), 4 h (e, f), 16 h (g, h), 24 h (i, j), 48 h (k, l), and the corresponding XRD 
patterns (m). Differation peaks around 2θ=9.8, 27.6, 48.1 and 62.9° in the XRD pattern (Figure S1m) are 
asscribed to the formation of ammonium titanate.
[4]







Figure S2. Selected area electron diffraction (SAED) patterns of the amorphous precursor microspheres 
(a) and solvothermally treated titania microspheres (prior to calcination) obtained with varying 






Figure S3. TGA-DTA curves of the solvothermally treated titania microspheres (prior to calcination) 
obtained with varying solvothermal times (2 h, 16 h, 24 h and 48 h). Samples were subjected to a linear 
heating ramp of 10 ºC min
-1
 under an air atmosphere. As displayed in Figure S3b, the overall weight loss 
of samples decreased with the increase of solvothermal treatment time. The samples (Solvo-2h, Solvo-
16h, Solvo-24h) exhibited a broad endothermic peak with a minimum at around 95 °C (Figure S3a) and a 
substantial weight loss below 200 °C, which is due to the release of physically adsorbed water and 
volatilization of organic molecules. With further heating, a characteristic exothermic peak (Figure S3a) 
and a comparable weight loss of 2.9%, 3.8%, 2.9% and 2.2% occurred between 220-350 °C for Solvo-2h, 
Solvo-16h, Solvo-24h and Solvo-48h, respectively. The decrease in weight was primarily due to the 
combustion of organic residues, removal of chemically adsorbed water and conversion of ammonium 
titanate to titania. Therefore, with increasing solvothermal treatment time the microspheres became less 
hydrated and the organic residue content decreased significantly, along with less ammonium titanate 
being present for the Solvo-24h and especially the Solvo-48h samples as reflected in the corresponding 
XRD patterns (Figure S1). Another sharp exothermic peak in the DTA curves (Figure S3a) was observed 
between 450 °C and 500 °C and can be ascribed to the crystallization from amorphous to anatase titania. 






Figure S4. SEM and TEM (ultramicrotomed sections) images of the solvothermally treated microspheres 
(prior to calcination) prepared by replacing ammonia solution with water under otherwise identical 
conditions for 16 h (a-f) and 72 h (g-l), and the corresponding XRD patterns (m). The distortion of the 
microspheres in the TEM images (Figure S4d and S4j) is a result of the ultramicrotoming process during 
TEM sample preparation.
[5]






As shown in Figure S4a-f, microspheres composed of ultrafine anatase nanocrystals (5.3 nm measured 
using the TEM images, and ~5.7 nm estimated using the Scherrer equation from the corresponding XRD 
pattern in Figure S4m) formed after a relatively short solvothermal treatment of 16 h. Even with 
prolonged solvothermal treatment time, 72 h (Figure S4g-l), the size of the anatase nanocrystals was 
about 7.5 nm measured using TEM images (~7.8 nm estimated from the corresponding XRD pattern in 
Figure S4m). As shown in the high magnification TEM images (Figure S4e, f or k, l), the nanocrystals are 
nearly identical in size throughout the whole particle in the absence of ammonia. In addition, for the 
microspheres solvothermally treated for 72 h without ammonia, they tended to assemble into clusters by 
merging with neighboring microspheres (Figure S4g-l). Due to the absence of obvious difference in 
crystal size between the shell layers and the core regions of these microspheres, the Ostwald ripening 
process was less likely to be trigged to form the hollow spheres in this case. Instead the chemical potential 
difference between the convex and concave regions of the microspheres could effectively initiate a liquid 
sintering process. This proceeds by gradually dissolving titanium species from the convex regions that 
precipitate as anatase nanocrystals in the concave regions of the spheres,
[6]
 thus results in the formation of 
merged microspheres during a prolonged solvothermal treatment (72 h). The above results indicate that 
ammonia changed the crystallization process of the amorphous precursor microspheres. In the presence of 
ammonia, rather than directly converting the amorphous titania to anatase nanocrystals, ammonia 
promoted the formation of metastable ammonium titanate nanoflakes on the surfaces of the precursor 
microspheres. It is these metastable ammonium titanate nanoflakes and their subsequent transformation to 
anatase nanocrystals located on the outer surfaces of the microspheres that triggered the Ostwald ripening 




Figure S5. SEM images (a, b) of the 'fluffy' core/shell anatase microspheres calcined at 650 C for 2 h in 
air (Solvo-16h-Cal) and the corresponding high magnification TEM images (c, d) of the ultramicrotomed 
sections showing outer surface (c) and core region (d) of the microspheres. Note: SEM images were taken 






Figure S6. SEM images (a, b) of the yolk/shell anatase microspheres calcined at 650 C for 2 h in air 
(Solvo-24h-Cal) and the corresponding TEM images (c, d) of the ultramicrotomed sections showing a 
general view (c) and yolk region (d) of the microspheres, respectively. In image c, some of the shell 
layers were broken by the ultramicrotoming process preparation for TEM analysis. Note: SEM images 













Figure S8. XRD patterns (a) and high-resolution XPS spectra (b) of the Ti2p of the 'fluffy' core/shell 
(Solvo-16h-Cal), yolk/shell (Solvo-24h-Cal) and hollow (Solvo-48h-Cal) anatase microspheres calcined 
at 650 °C for 2 h in air. For brevity only the solvothermal time for these samples is used to differentiate 
the patterns and spectra. The high-resolution Ti2p XPS spectra shown in Figure S8b display typical 
symmetric Ti (IV) doublet peaks for the calcined nanostructures fabricated with different solvothermal 
times (16, 24 and 48 h). Increasing the solvothermal time from 16 to 24 and 48 h, the Ti2p3/2 binding 
energy shifts from 458.7 to 458.9, and to 459.4 eV (the reference value recorded on the anatase single 
crystal was 459.3 eV),
[7]






Figure S9. XPS survey spectrum of calcined anatase hollow microspheres calcined at 650 °C for 2 h in 
air. According to the XPS survey spectrum, only Ti, O and C (resulting from the adventitious 
hydrocarbon present on the sample surface) signals were detected and no peak around 400 eV was 








Figure S10. Time profile of the methylene blue (MB) absorbance spectrum observed during degradation 
in the presence of calcined hollow anatase microspheres (Solvo-48h-Cal) under UV light irradiation. The 








Figure S11. Nitrogen sorption isotherms (a) and the corresponding pore size distributions (b) of the 
'fluffy' core/shell (Solvo-16h-Cal), yolk/shell (Solvo-24h-Cal) and hollow (Solvo-48h-Cal) anatase 
microspheres calcined at 650 °C for 2 h in air. Pore size distribution (PSD) was calculated using Barrett-
Joyner-Halenda (BJH) model based on the adsorption branches. The isotherms of sample Solvo-24h-Cal 








Type IV isotherms with featured hysteresis loops (Figure S11a) were observed for all these microspheres, 
indicating their mesoporous characteristics.
[9]
 For the 'fluffy' core/shell titania microspheres (Solvo-16h-
Cal), a capillary condensation step at high relative pressure (P/P0=0.90-0.95) was observed, reflecting the 
existence of a relatively large pore size. The corresponding PSD (Figure S11b) shows a relatively narrow 
mesopore centered at 27 nm, which is mainly derived from the mesoporosity of the particulate core 










 For the yolk/shell structured microspheres (Solvo-24h-Cal), two partially 
overlapped hysteresis loops (Figure S11a) derived from the mesoporosity in the particulate core regions 
and the macroporosity in the shell of the microspheres, respectively, are clearly observed. The 
corresponding PSD (Figure S11b) shows a distinct bimodal pore diameter of a relatively narrow 
mesopore (27 nm) and a broad macropore ranging from 50 to 110 nm. Compared to the Solvo-16h-Cal 
sample, the mesopores of the Solvo-24h-Cal centered at 27 nm have remained, but the total pore volume 
in the mesopore range decreased due to the decrease in the core content of these anatase nanostructures. 
The pore volume in the macropore range increased with the formation of the anatase shell layers. The 




. Further increasing the 
solvothermal time to 48 h produced anatase hollow microspheres (Solvo-48h-Cal), that have a H1 type 
hysteresis loop at high relative pressure (P/P0=0.91-0.98) in the nitrogen sorption isotherm, suggesting a 
fairly large pore size for this sample. This result was confirmed by the corresponding PSD shown in 
Figure S11b, in which a single pore size peak centered at 90 nm was observed. The diminished 
mesoporosity was a result of the disappearance of the particulate core regions, hence giving a slight 








Figure S12. UV-visible spectra (a) of the 'fluffy' core/shell (Solvo-16h-Cal), yolk/shell (Solvo-24h-Cal), 
hollow (Solvo-48h-Cal) anatase microspheres calcined at 650 C for 2 h in air and Degussa P25 
nanoparticles, and the relationship between the transformed Kubelka-Munk function versus the photon 
energy (b) for each material. In panel b, a straight line tangential to the slope was extended to cut the 
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Appendix to this chapter 
 
Intrinsic activities (activity per surface area unit) of the various photocatalysts were 
calculated and listed in the following table: 
 




Activity per surface area 
(MB min-1 m-2) 
Solvo-16h-Cal 0.0211 50 0.00528 
Solvo-24h-Cal 0.0243 44 0.00690 
Solvo-48h-Cal 0.0750 41 0.02286 
P25 0.0673 50 0.01683 
 
Based on these calculations, it is clear that the hollow titania microspheres (Solvo-
48h-Cal) showed the highest activity per surface area unit, indicating that this sample 
contains more accessible photocatalytic active sites for MB degradation due to its 





Chapter 6. Monodisperse Anatase Titania Microspheres with 
High-thermal Stability and Large Pore Size (~80 nm) as Efficient 
Photocatalysts 
6.1 Introduction 
Anatase phase titania is the most photoactive phase for both antibacterial coatings and 
degradation of organic pollutants, however, thermal stability becomes an issue at 
temperatures from 500 to 700 °C as irreversible phase transformation to rutile occurs.1-6 This 
restricts the use of anatase photocatalysts for applications that need to be processed at high 
temperature. Therefore, a coating technology challenge is the development of a high 
performance anatase photocatalyst that tolerates the high sintering temperature of diverse 
ceramic substrates. 
In this manuscript, monodisperse dopant-free anatase titania microspheres with large pore 
size (~80 nm) and outstanding high thermal stability (over 900 °C) were synthesized via a 
facile sol-gel chemistry and solvothermal process. These titania microspheres were composed 
of well-crystallized and faceted anatase nanocrystals with a uniform size of 24 nm. In the 
absence of any doping strategy or surface modification, the anatase-to-rutile phase 
transformation was effectively inhibited at high temperatures giving rise to high thermal 
stability (up to 900 °C) and highly crystallized anatase titania microspheres. This thermal 
stability is primarily attributed to the solvothermal treatment that can effectively produce 
highly crystallized anatase particles and thus prevents the Ti-O bond cleavage during the high 
temperature calcination. The anatase microspheres exhibited excellent photocatalytic 
performance even after calcination at 900 °C due to retention of the photoactive anatase 
phase. These photoactive monodisperse anatase titania microspheres with their uniform size 
and spherical morphology (desirable for forming high quality and close packed thin film) 
have the potential to form effective antibacterial coatings on the surfaces of diverse sanitary 
ceramic utensils. This study has been published in the Journal of Materials Chemistry A. The 
published manuscript and the supporting information are presented in section 6.2. Reprinted 
from “Monodisperse Anatase Titania Microspheres with High-thermal Stability and Large 
Pore Size (~80 nm) as Efficient Photocatalysts. J .Mater. Chem. A 2017, 5, 3645-3654”, 
copyright (2017), with permission from Royal Society of Chemistry. 
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high-thermal stability and large pore size (80 nm)
as efficient photocatalysts†
Lu Cao,a Dehong Chen,*a Wu-Qiang Wu,a Jeannie Z. Y. Tanab
and Rachel A. Caruso*ab
To fabricate an effective antibacterial coating on the surfaces of diverse sanitary ceramic utensils, efficient
titania photocatalysts with integrated features including high temperature anatase phase stability (>800 C),
excellent particle mobility for the formation of uniform thin coatings, high crystallinity and narrow particle
size distribution are desirable. In this study, monodisperse dopant-free titania microspheres were
synthesized with large pore size (80 nm) that remain anatase even after calcination at 900 C. These
titania microspheres were fabricated via a facile solvothermal treatment of amorphous spheres in the
presence of 4.5 wt% ammonia solution and consisted of well-crystallized and faceted anatase
nanocrystals with a uniform size of 24 nm. The anatase nanocrystals with high crystallinity and narrow
crystal size distribution are responsible for their high temperature stability. The resulting anatase titania
microspheres exhibited enhanced photocatalytic performance even after calcination at high temperature
due to the retention of the anatase phase and the enhanced crystallinity. Such monodisperse anatase
microspheres have potential to be applied as smart coating materials for antibacterial and self-cleaning
applications.Introduction
Titania (TiO2) has been one of the most widely investigated
semiconductor materials in the past few decades due to its
unique properties such as low-cost, nontoxicity, and high
chemical and optical stability, and its diverse promising appli-
cations in environmental and energy areas ranging from pho-
tocatalysis, to photovoltaics and lithium ion batteries.1–15 For
the application of photocatalysis, it has shown promise in water
splitting and purication since the discovery of its photo-
catalytic activity under UV light.3 Recently, research has been
conducted to control the morphology of nanostructured titania
materials via different synthesis strategies to enhance the
photocatalytic performance.16–29 Among the various morphol-
ogies, of particular interest are titania microspheres with sub-
micro- or micrometer-sized diameter, because of the relatively
high refractive index and comparable particle size to the wave-
lengths of sunlight, which make them ideal candidates forhool of Chemistry, The University of
ralia. E-mail: dehongc@unimelb.edu.au;
yton South, Victoria 3169, Australia
(ESI) available: Photocatalytic set-up,
pectrum, XRD patterns, UV-vis diffuse
t, TEM images, MB absorbance and
981j
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15natural light-driven photon-related applications. Moreover,
microspheres have been regarded as the optimal morphology in
high-quality thin lm coating because such microspheres
possess high packing density as well as good particle
mobility,30–33 which is benecial for the fabrication of a uniform
and compact coating layer in a highly reproducible manner. The
porosity of the titania nanostructure also affects its perfor-
mance when applied as a photocatalyst.16,34,35 The presence of
large pores can enhance light harvesting and ensure fast mass
diffusion, consequently giving rise to high photocatalytic
performance.16,34,35
Among the three most common polymorphs of titania
(anatase, brookite and rutile), anatase is considered to be the
most photoactive phase for both antibacterial coatings and
degradation of organic pollutants because of the low recombi-
nation rate of the photogenerated charge carriers and the high
surface adsorptive innity towards the organic compounds.36,37
However, anatase is a metastable phase and can be readily
transformed to the thermodynamically stable rutile phase at
temperatures from 500 to 700 C,23,38–41 and this phase trans-
formation is irreversible. This restricts the use of anatase pho-
tocatalysts for some important applications (e.g., self-cleaning
and antibacterial coatings on sanitary ceramic ware) that need
to be processed at high temperature (usually >800 C).42
Therefore, the development of a high performance anatase
photocatalyst that tolerates the high sintering temperature of
diverse ceramic substrates has become a challenge in smartJ. Mater. Chem. A, 2017, 5, 3645–3654 | 3645
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temperature of the anatase-to-rutile transformation has been
researched. The presence of certain cationic dopants, such as
Zr, Al, La and Si, could effectively stabilize the anatase phase at
elevated temperatures due to the formation of Ti intersti-
tials.39,43–46 However, secondary impurity phases (e.g., Al2TiO5)
may be produced at high temperatures,46 which will generate
additional charge carrier recombination sites and thus reduce
the photocatalytic activity.39,43–46 High temperature stabilization
of the anatase phase through anion doping (S, F, N, etc.) has
also been widely investigated.47–49 In this case, the concentration
of oxygen vacancies may be increased, which could enhance
recombination between photogenerated electrons and holes
and therefore deteriorate the photocatalytic activity of the
titania photocatalyst. Moreover, excess anion doping can
inhibit interfacial charge transfer, which is detrimental to the
photocatalytic activity as well.47 A sol–gel templating method
has been reported to retard the phase transformation by
creating hierarchically porous structures to reduce the inter-
faces between the titania nanocrystals in porous titania
networks. The reduced interfaces can signicantly decrease
interface nucleation of the rutile phase and effectively retard the
anatase to rutile phase transformation.23 The effect of the
heating atmosphere on the anatase to rutile transformation was
also investigated:50,51 the phase transformation rate was
decreased under vacuum or oxygen and increased in reducing
atmospheres, which could be due to the formation of Ti inter-
stitials and oxygen vacancies, respectively. Although an increase
in the onset temperature of phase transformation has been
achieved, it is still lower than the sintering temperature for
ceramic coatings. Another important issue that should be
considered is the thermal stability of the porous structures. In
most cases, the pores collapsed and most of the porosity was
lost aer being sintered at high temperature. Therefore, prep-
aration of anatase titania photocatalysts with spherical
morphology, large pore size and high temperature stability
(>800 C) without any chemical modication would be of
considerable interest.
Herein, a facile route is reported for the synthesis of mono-
disperse anatase titania microspheres with a large pore size and
high thermal stability by combining sol–gel chemistry and
a solvothermal treatment process. In the absence of any doping
strategy or surface modication, the anatase-to-rutile phase
transformation was effectively inhibited at high temperatures
giving rise to high thermal stability (up to 900 C) and highly
crystallized anatase titania microspheres. The anatase micro-
spheres possess a uniform and large pore size, 80 nm. The
possible reasons for the superior thermal stability were inves-
tigated and discussed. The photocatalytic activity was evaluated
by degrading methylene blue under UV illumination.
Experimental
Chemicals
Titanium(IV) isopropoxide (TIP, 97%), hexadecylamine (HDA,
90%), and methylene blue (MB) were obtained from Sigma-
Aldrich. 1-Butanol (99.8%, Chem-Supply), absolute ethanol3646 | J. Mater. Chem. A, 2017, 5, 3645–3654
15(>99.5%, Chem-Supply), potassium chloride (AR, BDH),
aqueous ammonia solution (25 wt%, Merck) and Milli-Q water
(18.2 MU cm1) were used for the materials preparation. All
chemicals from commercial sources were used as received
without further treatment.
Synthesis
Amorphous precursor spheres (APS) were prepared in 1-butanol
containing an HDA and KCl aqueous solution according to
a previously reported procedure.17 In a typical synthesis of
monodisperse titania microspheres (MTS) with 22.0 nm crystal
size (estimated by Scherrer equation based on XRD pattern),
1.6 g of APS was added to a 4.5 wt% ammonia solution con-
taining 20 mL ethanol, 5 mL Milli-Q water and 5 mL 25 wt%
ammonia. The resulting mixture was sealed within a Teon-
lined autoclave (50 mL in volume) and heated at 220 C for 16 h.
Aer the autoclaves were cooled to room temperature, the
products were collected by ltration, washed with ethanol three
times and dried at 60 C for 2 h to obtain the solvothermally-
treatedMTS. To study their high temperature stability, the dried
MTS samples were calcined at elevated temperatures at a heat-
ing rate of 1.6 C per minute (to ensure removal of the organic
species) and held at these temperatures for 2 h in air. The
calcined titania were denoted as MTS-x C. For instance, MTS-
800 C refers to the titania synthesized using a 4.5 wt%
ammonia solution via solvothermal treatment and followed by
a calcination at 800 C. Additionally, in order to investigate the
effect of crystal size on the thermal stability, crystallized titania
microspheres with tunable crystal sizes were also prepared
using a similar solvothermal treatment procedure. In this case,
0 wt% and 17.4 wt% ammonia solutions were employed during
the solvothermal process and the resulting samples were
denoted as MTS-0 wt% and MTS-17.4 wt%, respectively. For
comparison, Degussa (Evonik) P25 nanoparticles and amor-
phous precursor spheres were also calcined at temperatures
between 500 and 1000 C and the resulting materials were
denoted as P25-x C and APS-x C, respectively.
Photocatalysis
Photocatalytic experiments in this study were carried out in
a jacketed beaker under UV light irradiation as shown in Fig. S1
(in ESI†). The light, generated from a 500 W Hg (Xe) globe
(Oriel) with a dichroic mirror (66226, Oriel, 280 < l < 400 nm),
was vertically delivered onto the reaction mixture through
a quartz reactor lid. The UV radiation intensity at the surface of
the suspension was 16.7  0.2 mW cm2. The reaction was kept
at 20  0.5 C by circulated chiller water. Titania photocatalyst
(0.5 g L1) was suspended in 160 mL of MB (25 mg L1) by using
a magnetic stirrer. The pH values of the titania suspensions
were 5.92 0.08. Before monitoring the photocatalytic reaction,
the photocatalysts were placed in MB solution in the dark for
1 h to reach adsorption–desorption equilibrium. Degradation
was monitored by taking 1.5 mL aliquots at 15 min intervals up
to 60min. The aliquots were centrifuged and absorption spectra
of the supernatant uids were recorded using a UV-vis spec-
trophotometer (Varian Cary 50 Bio, USA). The main absorptionThis journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of the monodisperse titania microspheres (MTS)
solvothermally treated at 220 C in the presence of 4.5 wt% ammonia
solution (a and b) and following calcination at 800 C (c) and 900 C (d)
in air. SEM images were taken without metal sputter coating of the
sample.
Paper Journal of Materials Chemistry A
View Article Onlinepeak of MB at 665 nm was recorded to evaluate the degradation
kinetics of the photocatalysts. The rate of degradation was
assumed to obey pseudo-rst-order kinetics and hence the rate
constant for degradation, k, was obtained from the rst-order
plot according to the equation: ln(C/C0) ¼ kt, where C0 is the
initial concentration, C is the concentration of MB aer a reac-
tion time (t), and k is the rst-order rate constant. Three
degradation experiments were run for each sample to obtain an
average.
Characterization
Anatase and rutile contents, as well as their average crystal
sizes, were determined using a Bruker D8 Advance diffractom-
eter (Germany). Diffraction patterns were collected by using Cu
Ka radiation (l ¼ 1.5406 Å, 40 kV, 40 mA) in the continuous-
scanning mode. The step size and scan speed were 0.02 and 1 s
per step, respectively. The average crystal size of the anatase was
calculated using the Scherrer equation (D ¼ 0.9l/b cos q, where
l is the wavelength of the X-ray; b is the full-width at half-
maximum height; and q is the diffraction angle). The weight
fraction of rutile (WR), is calculated from the following
equation:52
WR ¼ AR/A0 ¼ AR/(AR + 0.884AA)
where AA and AR are the integrated intensity of the anatase (101)
and rutile (110) peaks, respectively. A0 is the total integrated
intensity of the anatase (101) and rutile (110) peaks.
A high resolution eld emission environmental scanning
electron microscope (SEM, Quanta 200 FEI) was used to observe
the morphologies of the samples without metal sputter coating
pretreatment. The transmission electron microscopy (TEM)
images and selected area electron diffraction (SAED) patterns of
the resulting samples were obtained on a FEI Tecnai F20
microscope (USA) operating at 200 kV. Nitrogen gas sorption
isotherms at 77 K were collected on aMicromeritics Tristar 3000
surface area and porosity analyser (USA). All the samples were
degassed under vacuum at 160 C for at least 18 h prior to
measurement. The Brunauer–Emmett–Teller (BET) equation
was used to calculate the specic surface area. Pore size distri-
butions were obtained using the Barrett–Joyner–Halenda (BJH)
method from the adsorption branch of the isotherms. Diffuse
reectance spectroscopy (DRS) was measured on a UV-vis-NIR
diffuse reectance spectrophotometer (Perkin-Elmer lambda
1050) with an 150 mm integrating sphere attachment in the
range of 200–800 nm. The band gap of the materials was esti-
mated by extrapolating a linear part of the plots to (ahn)2 ¼ 0.
Raman spectroscopy was performed on a Renishaw inVia
confocal microscope system. Specimens were illuminated with
an argon laser (785 nm wavelength) through a 50 objective.
The spot was estimated to be in the range of 1 mm. Spectra were
collected over the wave number range of 100 to 700 cm1 on the
surface of the sample. The UV light illumination intensity was
measured using a Tenmars TM-213 UV light meter. The pH
values of the aqueous suspensions were measured using an
Oakton pH/mV 11 meter. Prior to the measurement, the elec-
trode was calibrated using fresh standard pH buffer solutions.This journal is © The Royal Society of Chemistry 2017
15The X-ray photoelectron spectrometer (XPS) data were recorded
on a VG ESCALAB 220i-XL spectrometer (UK) equipped with
a twin crystal monochromated Al Ka X-ray source, which
emitted a photon energy of 1486.6 eV at 10 kV and 22 mA.
Samples were secured onto Al holders and were measured in the
analysis chamber at a typical operating pressure of 7  109
mbar. An electron ood gun was used to compensate the
charging effect of non-conductive materials. Spectra were ob-
tained at a step size of either 1.0 eV (survey scans) or 0.05 eV
(regional scans). Quantication and curve tting of XPS spectra
were performed using CasaXPS soware. The C1s peak at 285.0
eV was used as a reference for the calibration of the binding
energy scale.Results and discussion
The morphologies of the monodisperse titania spheres (MTS)
solvothermally treated in the presence of 4.5 wt% ammonia
solution and their corresponding counterparts calcined at
temperatures ranging from 800 C to 1000 C (referred to as
MTS-800 C, MTS-900 C andMTS-1000 C) were observed using
scanning electron microscopy (SEM), as shown in Fig. 1, S2 and
S3.† The corresponding size distributions of these samples are
displayed in Fig. S4.†
The solvothermally treated sample consists of individual
spherical entities with an average diameter of 2.23  0.12 mm,
Fig. 1a and S4a.† Each solvothermally-treated MTS is composed
of uniform titania nanocrystals of22 nm in size (Fig. 1b). Aer
calcination at temperatures of 800 C or higher, an obvious
shrinkage in the sphere diameter was observed (Fig. 1c and
d and S2†). The sphere diameter decreased to 1.97  0.09,
1.88  0.10 and 1.58  0.09 mm when the calcinationJ. Mater. Chem. A, 2017, 5, 3645–3654 | 3647
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(Fig. S4†). As clearly illustrated by the higher magnication SEM
images (Fig. 1c and d), a crystal coarsening process occurred
when the solvothermally-treated MTS were calcined at 800 C or
higher, giving rise to enlarged crystal sizes. A slight increase in
crystal size (50 to 60 nm) was observed when the calcination
temperature increased from 800 to 900 C, Fig. 1c and d, and
then the crystal size increased further for the MTS calcined at
1000 C in air (Fig. S2d†). Along with the increasing crystal size,
the pore size/void between the nanocrystals became larger as
a result of the increased calcination temperature (Fig. 1b–d).
The crystal phase and size of the MTS were studied by
powder X-ray diffraction (XRD); the corresponding XRD
patterns of the samples calcined at different temperatures are
displayed in Fig. 2a. The anatase content (as a weight
percentage) in each sample was calculated according to
a previously reported method,52 Fig. 2b. The XRD pattern of theFig. 2 (a) XRD patterns of the MTS, MTS-800 C, MTS-900 C, and
MTS-1000 C samples (A¼ anatase and R¼ rutile phase titania) and (b)
anatase content of the MTS, amorphous precursor spheres (APS) and
Degussa (Evonik) P25 as a function of the calcination temperature.
3648 | J. Mater. Chem. A, 2017, 5, 3645–3654
15solvothermally-treated MTS sample showed well-resolved
diffraction peaks that can be ascribed to anatase titania (JCPDS
card no. 21-1272). The anatase diffraction peaks for the MTS-
800 C and MTS-900 C were sharper compared to the sol-
vothermally-treated MTS sample. The crystal size of each
sample can be estimated from the full width at half maximum
of the (101) peak using the Scherrer equation, giving 22.0, 48.0
and 57.5 nm for MTS, MTS-800 C andMTS-900 C, respectively.
This is in a good agreement with the crystal coarsening
(increased crystal size) occurring with elevated calcination
temperature observed from the SEM images.
The physical properties of the MTS materials are summa-
rized in Table 1. It is worth noting that no rutile phase was
detected in the MTS-900 C sample within the X-ray detection
limit. This result was further conrmed by the corresponding
Raman spectra (Fig. S5†), in which ve high-intensity peaks at
142, 196, 397, 514 and 640 cm1 can be attributed to charac-
teristic Eg, Eg, B1g, A1g(B1g) and Eg modes of the anatase titania,
respectively.55,56 No other Raman peaks were observed, indi-
cating the pure anatase phase for this MTS-900 C sample. Thus
the resulting anatase MTS materials possessed an excellent
thermal stability (up to 900 C), which is much higher than
previous reports.23,35,38–40 Further increasing the calcination
temperature to 1000 C (for 2 h in air) resulted in a phase
transformation from anatase to rutile, leading to the formation
of faceted titania particles (Fig. S3†) containing 7.1 wt% anatase
(Fig. 2b). In contrast, for the Degussa (Evonik) P25 nano-
particles, only 8.3 wt% anatase remained aer calcination at
800 C for 2 h in air (Fig. 2b and S6†). When the temperature
was increased to 900 C, P25 was completely converted to the
rutile phase. Phase transformation of the amorphous precursor
spheres (APS) derived from sol–gel synthesis was also investi-
gated (Fig. 2b and S7†): the anatase-to-rutile phase trans-
formation occurred above 600 C and was almost complete at
800 C (only 2.7 wt% anatase remained at this temperature).
UV-vis diffuse reectance spectra and the corresponding
Kubelka–Munk function (relationship of [F(R)hn]1/2 versus
photon energy) plots of the MTS and Degussa (Evonik) P25
samples calcined at diverse temperatures were recorded to
determine the band gaps of the resulting materials (shown in
Fig. S8†). Solvothermally-treated MTS, and calcined MTS-800 C
and MTS-900 C samples show a very similar band gap (3.20 
0.01 eV) because of their similar anatase phase. In contrast, the
as-received P25 nanoparticles are a mixed phase titania with the
crystallized material consisting of 84.6 wt% anatase and
15.4 wt% rutile, and such mixed-phase titania possesses a rela-
tively low band gap of 3.10 eV, which is consistent with the band
gap values reported previously.57 Aer calcination at 900 C, the
resulting P25-900 C sample has been completely converted into
the rutile phase, giving rise to a reduced band gap of 2.99 eV.
These results clearly illustrate the excellent thermal stability of
the MTS materials.
Nitrogen gas sorption isotherms and pore size distributions
of the solvothermally-treated MTS and the MTS materials
calcined at various temperatures are shown in Fig. 3. Except for
the MTS-1000 C sample, the samples showed characteristic
type IV isotherms with a sharp capillary condensation step atThis journal is © The Royal Society of Chemistry 2017
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Table 1 Anatase content and physical properties of the monodisperse titania microspheres (MTS) solvothermally treated at 220 C in the
presence of 4.5 wt% ammonia solution and Degussa (Evonik) P25 samples treated at different temperatures
Sample name WA
a [wt%] SBET
b [m2 g1] PDc [nm] Vsp
d [cm3 g1] CSXRD
e [nm] Bandgapf [eV]
MTS 100 71.5 30.5 0.420 22.0 3.21
MTS-800 C 100 17.0 65.9 0.191 48.0 3.20
MTS-900 C 100 10.9 77.0 0.123 57.5 3.19
MTS-1000 C 7.10 1.10 n/a 0.003 n/a 2.96
P25 84.6 50.1 n/a 0.164 n/a 3.10
P25-800 C 8.30 14.1 n/a 0.042 n/a 3.00
P25-900 C 0 7.10 n/a 0.019 n/a 2.99
a WA ¼ weight fraction of the anatase phase calculated using the integrated intensities of anatase (101) and rutile (110) peaks according to
a previously reported method.52 b SBET ¼ BET specic surface area obtained from adsorption data in the P/P0 range from 0.05 to 0.20. c PD ¼
pore diameter determined by BJH model from the adsorption data. d Vsp ¼ single-point pore volume calculated from the adsorption branch at
P/P0 ¼ 0.98. e CSXRD ¼ anatase crystallite size estimated from XRD data using the Scherrer equation. f Band gap estimated according to
Kubelka–Munk equation based on diffuse reectance data.53,54 ‘n/a’ indicates the corresponding methods are not applicable for the samples.
Fig. 3 (a) Nitrogen gas sorption isotherms and (b) the corresponding
pore size distributions of theMTS, MTS-800 C,MTS-900 C andMTS-
1000 C samples.
This journal is © The Royal Society of Chemistry 2017
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15relative high pressures (P/P0 ¼ 0.90–0.98), reecting the exis-
tence of large pores. Sharp H1 type hysteresis loops were
observed for solvothermally-treated MTS, and calcined MTS-800
C and MTS-900 C samples, indicating the narrow pore size
distributions (PSD) of these samples. For solvothermally-treated
MTS, a PSD centered at 30.5 nm was calculated from the
adsorption branch using the Barrett–Joyner–Halenda (BJH)
method. This sample has a specic Brunauer–Emmett–Teller
(BET) surface area of 71.5 m2 g1 and a total pore volume of 0.42
cm3 g1. Using this BET surface area, and assuming spherical
crystals, the crystal size of this solvothermally-treated MTS is
estimated to be 21.5 nm on the basis of the anatase titania
density (3.9 cm3 g1), which is consistent with the result derived
from XRD calculation (22.0 nm). The hysteresis loops of the
MTS-800 C and MTS-900 C samples shied to higher relative
pressure, illustrating an enlargement in pore size during the
calcination process. As shown in Fig. 3b, sharp PSDs centered at
65.9 and 77.0 nm for the MTS-800 C and MTS-900 C samples
were observed, respectively. It is worth noting that such uniform
large pores in titania spheres have rarely been reported. Aer
calcination at 1000 C in air, as illustrated by nitrogen gas
sorption and SEM images, the porosity of the resulting MTS-
1000 C materials disappeared, indicating a signicant crystal
growth and densication of the titania spheres (XRD results).
Specic surface areas of the MTS and P25 samples as
a function of the calcination temperature ranging from 500 to
1000 C are presented in Fig. 4. For the MTS sample, the specic
surface area showed a slight decrease of 8.9% up to 600 C. This
small drop in specic surface area could be attributed to the
high crystallinity of the samples induced by solvothermal
treatment at 220 C. However, a signicant drop in specic
surface area from 64.0 to 17.0 m2 g1 was observed when the
calcination temperature was increased from 600 to 800 C. This
decrease is due to the coarsening of the anatase nanocrystals as
revealed by the corresponding XRD results (Fig. 2). With
a further increase in the calcination temperature to 900 C, the
specic surface area decreased to 10.9 m2 g1. The specic
surface area of the P25 sample calcined at varied temperatures
was also investigated. As P25 is produced by ame hydrolysis ofJ. Mater. Chem. A, 2017, 5, 3645–3654 | 3649
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Fig. 4 Specific surface areas of the MTS solvothermally treated at
220 C in the presence of 4.5 wt% ammonia solution and Degussa
(Evonik) P25 samples as a function of the calcination temperature. The
lines were added to guide the eye.
Fig. 5 (a) XRD patterns (A ¼ anatase and R ¼ rutile phase titania) and
(b–e) SEM images of (b and c) the titania microspheres solvothermally
treated at 220 C in the absence of ammonia, and then calcined at (d)
800 C and (e) 900 C. SEM images were taken without metal sputter
coating of the samples.
Journal of Materials Chemistry A Paper
View Article OnlineTiCl4 at elevated temperature (up to 1000 C), it is reasonable
that only a slight drop in the specic surface area was observed
when the calcination temperature is raised to 700 C. The
surface area dropped dramatically from 43.5 to 13.8 m2 g1
when the calcination temperature increased from 700 to 800 C.
Nevertheless, it is worth noting that the specic surface areas of
the calcined MTS are higher than those of P25 calcined at 800
and 900 C.
XPS measurements were used to detect any N-doping in the
resulting MTS materials.6 As shown in Fig. S9,† the as-prepared
sample contained a small quantity of N (0.9 at%) and this N
peak disappeared aer washing with ethanol three times,
indicating that the N on the as-prepared sample was due to the
ammonia adsorbed on the surfaces of the sample and can be
readily removed by thorough washing with ethanol.
High thermal stability of the MTS sample
According to Penn and Baneld,58 the anatase-to-rutile phase
transformation is a reconstructive process that involves
breaking and reforming seven out of 24 Ti–O bonds per unit
cell.58 The difficulty to rearrange the Ti–O bonds (and thereby
obstruct phase transformation) can be signicantly affected by
the activation energy of the rutile nucleation. According to
a previously reported method,59 an activation energy of 468
kJ mol1 was calculated using the Arrhenius equation for the
rutile nucleation in MTS (Fig. S10†). This relatively high acti-
vation energy reects that the rutile nucleation in the MTS
sample is dominated by a surface nucleation mode,60,61 which
relies on the thermal uctuation of atoms on the surfaces and
requires higher activation energy than that for an interface
nucleation process. As a result, it is observed that the MTS
sample shows phase stability at temperatures up to 900 C.
It is documented that the thermal stability of anatase
depends on its crystal size,45,52,56,59,62 as the rate of surface
nucleation is proportional to the total number of anatase3650 | J. Mater. Chem. A, 2017, 5, 3645–3654
15crystals in a given sample volume.60 To investigate the crystal
size effect on the transformation from anatase to rutile phase,
monodisperse anatase titania microspheres (MTS-0 wt%)
consisting of smaller nanocrystals (11.6 nm in diameter esti-
mated by XRD) were prepared in the absence of ammonia
during the solvothermal treatment. The XRD patterns, Fig. 5a,
show an anatase to rutile transformation has begun by 900 C.
The rutile content in the MTS-0 wt% samples was determined
as 19.6% and 100% aer calcination at 900 C and 1000 C,
respectively, indicating a phase transformation at lower
temperatures compared to the microspheres with larger crys-
tallite size (22.0 nm, Fig. 2; 0% and 92.9% rutile aer calci-
nation at 900 C and 1000 C, respectively). The spherical
morphology was maintained with shrinkage in diameter and
increasing crystal size as the calcination temperature increased
(SEM images, Fig. 5b–d).
In conjunction with XRD characterization, the MTS-0 wt%
and MTS samples were also ultramicrotomed to 90 nm thick
sections and observed by transmission electron microscopy
(TEM) to investigate the uniformity of the crystal size (Fig. 6a
and b). As clearly illustrated in Fig. 6a1–a3 and b1–b3, the
titania microspheres consisted of uniform crystals and theThis journal is © The Royal Society of Chemistry 2017
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Fig. 6 TEM images and selected area electron diffraction (SAED) patterns of the ultramicrotomed sections of the solvothermally-treated titania
microspheres in the presence of varying ammonia concentrations: (a1–a4) 0 wt%, (b1–b4) 4.5 wt% and (c1–c4) 17.4 wt%.
Paper Journal of Materials Chemistry A
View Article Onlinesample prepared in the absence of ammonia possessed a rela-
tively small crystallite size (Fig. 6a2 and a3). The corresponding
selected-area electron diffraction (SAED) patterns (Fig. 6a4 and
b4) indicate that these microspheres are well crystallized
anatase phase titania. To statistically determine the equivalent
diameter of the anatase nanocrystals in the microspheres, these
titania microspheres were crushed using an agate pestle and
mortar and then dispersed in ethanol by sonication for 30 min.
The resulting colloidal suspension was then dropped onto Cu
grids and examined by TEM analysis, and the corresponding
crystal size distributions were summarized in Fig. S11.† The
crystal size is 12.0  2.5 and 24.1  5.7 nm for the titania
microspheres prepared in the absence (0 wt%) and presence
(4.5 wt%) of ammonia, respectively. This result is in agreement
with the XRD result. The resulting faceted anatase nanocrystals
had a truncated bipyramid crystal morphology, exposing the
(101) side and (001) top facets (Fig. S12 in ESI†).
Purpose-built titania microspheres (MTS-17.4 wt%)
featuring a bimodal crystal size distribution were prepared by
increasing the ammonia concentration to 17.4 wt% to verify the
crystal size effect on the phase transformation. As shown in
Fig. 6c1–c3 and S13c1 and c2,† these unique titania micro-
spheres were composed of two distinct anatase crystals (withThis journal is © The Royal Society of Chemistry 2017
15relatively small anatase crystals (20 nm) in the core and larger
anatase crystals (60 nm) decorating the outer surface of the
spheres). As these small and large anatase crystals are located
within the same microsphere and therefore are in close prox-
imity (within a distance < 2.2 mm), these anatase nanocrystals
have been exposed to the same temperature during the calci-
nation. Thus, the variation in anatase and rutile phases can be
correlated to the size of the anatase nanocrystals within the
microspheres.
According to the corresponding XRD patterns (Fig. S14†),
a small portion of rutile (2.8%) was observed when this MTS-
17.4 wt% sample was calcined at 900 C, which is believed to be
derived from the relatively ‘unstable’ small anatase crystals in
the core. When this MTS-17.4 wt% was calcined at 1000 C,
about 63.1 wt% anatase still remained in this sample, which can
be attributed to the presence of relatively stable larger anatase
crystals located on the surface of the spheres. In contrast, the
titania spheres featuring monodisperse anatase crystals (12.0 or
24.1 nm shown in Fig. S11†) retained 0 wt% (Fig. 5a) or 7.1 wt%
anatase (Fig. 2a) when calcined at 1000 C. On the basis of the
above results, it is clear that the crystal size is a key parameter in
determining the onset temperature of the anatase-to-rutile
phase transformation (thermal stability). This onsetJ. Mater. Chem. A, 2017, 5, 3645–3654 | 3651
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a result of the reduction in free surfaces and interfaces available
for the rutile nucleation.56,60Photocatalysis
The photocatalytic performance of the resulting titania micro-
spheres was evaluated by monitoring the degradation of
methylene blue (MB, Fig. 7) via a reactive oxygen species
induced oxidation process under UV light illumination.63 For
comparison, the photocatalytic activity of the Degussa (Evonik)
P25 nanoparticles calcined at the same temperatures was also
measured under the identical conditions. The MB dye illumi-
nated under UV light in the absence of any photocatalyst shows
a very slow degradation rate (0.0010 min1, Fig. S15†). Aer
calcination at 800 C, MTS-800 C displays higher photocatalytic
performance (k ¼ 0.1233 min1) than P25-800 C (k ¼ 0.0893
min1). This sample retains the spherical morphology aer the
photocatalytic tests (Fig. S16 in ESI†), indicating good
mechanical stability. Upon increasing the calcination temper-
ature, MTS-900 C still possesses a very high degradation
performance (k ¼ 0.1053 min1), whereas the degradation rate
of the P25-900 C control sample dropped dramatically to
0.0155 min1, indicating a 6.8-fold greater photocatalytic
activity compared to the control sample. The enhanced perfor-
mance of MTS-800 C andMTS-900 C could be attributed to the
following synergistic effects: (1) the retention of the anatase
phase as the high thermal stability of MTS could lower the
recombination rate of the photogenerated charge carriers;36,37
(2) the presence of large pores (up to 80 nm) not only facili-
tates fast diffusion of the pollutants, but could also induce
multi-reection of the incident photons within the anatase
spheres to maximize the light harvesting and utilization effi-
ciency;16,34 (3) the high crystallinity induced by the solvothermal
treatment and subsequent high temperature calcination could
diminish the recombination rate of the photogenerated charge
carriers and prolong the electron lifetimes and diffusion
lengths; and (4) the higher surface area provides more active
reaction sites, contributing to an overall enhanced photo-
catalytic activity. The slight drop in photocatalytic activity of theFig. 7 Photocatalytic degradation kinetics of the methylene blue (MB)
probe under UV light in the presence of MTS-800 C, MTS-900 C,
P25-800 C and P25-900 C materials.
3652 | J. Mater. Chem. A, 2017, 5, 3645–3654
15MTS-900 C compared to the MTS-800 C sample is probably
due to the decrease in surface area with the increased calcina-
tion temperature. With a further increase in calcination
temperature to 1000 C, a signicantly decreased degradation
rate of 0.0058 min1 was observed for the MTS-1000 C sample.
The inferior performance of the MTS-1000 C sample is mainly
ascribed to the dominant rutile phase (92.7%) and low surface
area (1.1 m2 g1). The highly crystallized anatase phase reten-
tion, porous structure with large pore size and high specic
surface area are the three key factors for achieving higher
photocatalytic activity when using the anatase titania micro-
spheres to degrade the MB dye.Conclusions
Monodisperse anatase titania microspheres with high thermal
stability have been fabricated via a facile solvothermal treat-
ment of the amorphous precursor spheres in the presence of
mild ammonia solution. The anatase microspheres possess
a uniform and large pore size up to 80 nm and high thermal
stability with a phase transformation onset temperature above
900 C. The successful synthesis of such high temperature
stable anatase titania is primarily attributed to the solvothermal
treatment strategy that can effectively produce highly crystal-
lized anatase particles and thus prevents the Ti–O bond
cleavage during the high temperature calcination. The resulting
anatase microspheres exhibited impressive photocatalytic
performance even aer calcination at 900 C due to retention of
the photoactive anatase phase. Coupled with its uniform size
and spherical morphology (which is desirable for forming high
quality thin lms via close packing), such photoactive mono-
disperse anatase titania microspheres have potential to be
employed in the fabrication of effective antibacterial coatings
on the surfaces of diverse sanitary ceramic utensils, in sun-
screen or as support materials for industrial catalysts in future.Acknowledgements
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Fig. S1 Experimental set-up for evaluating photocatalytic performance of the titania materials 
investigated in this study. A dichroic mirror (66226, Oriel) was installed above the jacked beaker 
to vertically deliver UV light (280<λ<400 nm) onto the reaction mixture. The UV radiation 
intensity at the surface of the suspension was 16.7 ± 0.2 mW cm-2.
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Fig. S2 Low magnification SEM images of (a) the monodisperse titania microspheres (MTS) 
solvothermally treated at 220 °C in the presence of 4.5 wt.% ammonia solution and the MTS after 
calcination at (b) 800 °C, (c) 900 °C, and (d) 1000 °C in air. SEM images were taken without 
metal sputter coating of the samples.
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Fig. S3 High magnification SEM image of the monodisperse titania microspheres solvothermally 
treated at 220 °C in the presence of 4.5 wt.% ammonia solution and calcined at 1000 °C in air. 
SEM image was taken without metal sputter coating of the sample.
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Fig. S4 Histogram of the size distribution of the monodisperse titania spheres solvothermally 
treated at 220 °C in the presence of 4.5 wt.% ammonia solution (a) and then calcined at 800 °C 
(b), 900 °C (c), and 1000 °C (d) in air.
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Fig. S5 Raman spectrum of the monodisperse titania spheres solvothermally treated at 220 °C in 
the presence of 4.5 wt.% ammonia solution then calcined at 900 °C for 2 h in air.
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Fig. S6 XRD patterns of the Degussa (Evonik) P25 nanoparticles as obtained and after 




Fig. S7 XRD patterns of the amorphous precursor spheres (APS) and after calcination (without 
solvothermal treatment) at temperatures ranging from 500 to 800 °C for 2 h in air. A = Anatase 
and R = Rutile phase titania.
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Fig. S8 UV-vis diffuse reflectance spectra of MTS (a) and P25 (c) calcined at varying 
temperatures for 2 h in air, and the relationship between the transformed Kubelka-Munk function 
versus the photon energy (b and d) for each material. In (b) and (d), a straight line tangential to 




Fig. S9 XPS survey spectra of the MTS sample before and after washing with ethanol (a) and 
high-resolution N1s XPS spectra (b) of the MTS before washing, MTS washed using ethanol, 
MTS-800 °C and MTS-900 °C as labelled (the spectra of the MTS washed using ethanol, MTS-




The X-ray photoelectron spectrometer (XPS) data were recorded on a VG ESCALAB 220i-XL 
spectrometer (UK) equipped with a twin crystal monochromated Al K X-ray source, which 
emitted a photon energy of 1486.6 eV at 10 kV and 22 mA. Samples were secured onto Al 
holders and were measured in the analysis chamber at a typical operating pressure of ~7×10−9 
mbar. An electron flood gun was used to compensate the charging effect of non-conductive 
materials. Spectra were obtained at a step size of either 1.0 eV (survey scans) or 0.05 eV 
(regional scans). Quantification and curve fitting of XPS spectra were performed using CasaXPS 




Fig. S10 (a) Arrenhius plot of ln(AR/A0) νs 1/T for activation energy calculations according to a 
previously reported method.4 (b) XRD patterns of the MTS calcined at varied temperatures for 2 
h (as indicated) in air.
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Fig. S11 TEM images (a and c) and equivalent crystal size distribution (b and d) of the MTS 
solvothermally treated at 220 °C in the absence of ammonia (a and b) and those in the presence of 
4.5 wt% ammonia solution (c and d). Note: The average crystal size was estimated by assuming 
all the particles have a spherical shape. The crystal diameter, D, is given by the equation: D=2  , 
𝑆
𝜋
where S is the area of the nanocrystal measured using Image J software and π is 3.14.
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Fig. S12 TEM images (a, b) of the ultramicrotomed MTS-4.5 wt% sample showing the faceted 
anatase nanocrystals are bipyramid crystals, with {101} (side) and {001} (top) facets exposed. A 
drawing (c) of a truncated bipyramid anatase crystal is given to indicate the location of {101} and 
{001} facets.
The reported surface energy values of the {101} and {001} facets are 0.44 J m-2 and 0.90 J m-2, 
respectively.5 To reduce the surface energy during the crystal growth, the resulting anatase 
nanocrystals will grow in size gradually minimising the exposure of high energy {001} facets and 
therefore leading to the final anatase crystals showing a truncated bipyramid crystal habit. This 







Calcined at 800 C
Calcined at 900 C
Calcined at 1000 C
Fig. S13 SEM images of the monodisperse titania spheres solvothermally treated at 220 °C in the 
presence of 0 (a1 and a2), 4.5 (b1 and b2) and 17.4 wt.% (c1 and c2) ammonia solution and these 
samples calcined at 800 °C (a3, b3 and c3), 900 °C (a4, b4 and c4), and 1000 °C (a5, b5 and c5). 
SEM images were taken without metal sputter coating of the samples.
176
16
Fig. S14 XRD patterns of the titania microspheres solvothermally treated at 220 °C in the 
presence of 17.4 wt.% ammonia solution and calcined at diverse temperatures ranging from 800 
to 1000 °C for 2 h in air. A = Anatase and R = Rutile phase titania.
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Fig. S15 (a) Time profile of methylene blue (MB) absorbance spectrum and (b) corresponding 
photodegradation of MB (rate constant: k=0.001 min-1) observed in the absence of photocatalyst 
under UV light irradiation. The amount of MB photodegraded was obtained by calculating the 
change of concentration (C/C0) from the variation of absorbance (A/A0) at 665 nm. C0 and A0 
denote initial concentration and absorbance of MB, respectively.
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Fig. S16 SEM image of the MTS-4.5 wt%-800 C sample after the photocatalytic test. 
This sample retains its spherical morphology, the nanoparticles on the outer surfaces come from 
partial damage to the surface layer of the titania microspheres as a result of the continuous 
stirring during the photocatalytic reaction. These results suggest that the sample has good 
mechanical stability due to the sintering at high temperature (> 800 C).
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Fig. S17 Comparison of the apparent rate constants for the photocatalytic reactions employing the 
MTS samples prepared in the presence of different ammonia concentrations and subsequently 
calcined at 900 C in air.
Table S1. Phase content and physical properties of the MTS samples calcined at 900 C in air.
Sample name Rutile content 
(wt.%)




MTS-0 wt.% -900 C 19.6 2.5 0.023
MTS-4.5 wt.% -900 C 0 10.9 0.123
MTS-17.4 wt.% -900 C 2.8 6.4 0.061
Specific surface area obtained from adsorption data in the P/P0 range from 0.05 to 0.20. Pore volume calculated from 
the adsorption branch at P/P0=0.98.
Both the MTS-0 wt.% -900 C and MTS-17.4 wt.% -900 C sample had a mixed phase titania 
composition and they had lower specific surface area and porosity than the MTS-4.5 wt.% -900 
C sample. The photocatalytic activities of the MTS-0 wt.% -900 C and MTS-17.4 wt.% -900 
C samples were inferior to that of MTS-4.5 wt.% calcined at same temperature due to their 
much reduced specific surface area and porosity, and relatively larger crystal sizes (Shown in Fig. 
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Appendix to this chapter 
 
Intrinsic activities (activity per surface area unit) of the various photocatalysts were 
calculated and listed in the following table: 
Sample Rate constant (MB 
min-1) 
Surface area (m2 
g-1) 
Activity per surface area 
(MB min-1 m-2) 
MTS-800 C 0.1233 17.0 0.09066 
MTS-900 C 0.1053 10.9 0.12076 
P25-800 C 0.0893 14.1 0.07916 
P25-900 C 0.0155 7.10 0.02728 
 
Based on these calculations, it is clear that the mesoporous titania microspheres (MTS) 
possessed higher activity per surface area unit than P25 treated at the same temperatures, 
indicating that large pores (~ 80 nm) within the MTS samples can help to retain the 







Chapter 7. Summary and Outlook 
7.1 Introduction 
This thesis began with an acknowledgement that clean water is essential to the daily 
activities of human beings (see section 1.1 in Chapter 1). The motivations for the 
research were condensed in section 1.3 to a single aim, to “prepare TiO2 materials 
with tailored nanostructures to enhance their performance in (photo-)catalysis.” To 
realise the aim, three objectives were prescribed (see 1.3), that for the sake of 
convenience are repeated here in abridgement: (1) control the crystal phase 
composition of a porous TiO2 network by sol-gel chemistry and templating; (2) 
increase the size of amorphous TiO2 spheres (the precursor material to mesoporous 
TiO2 spheres) by changing the synthesis parameters, and; (3) control TiO2 spheres 
with specific morphology, pore diameter, surface area, crystallinity and structure 
evolution by varying the solvothermal conditions.  
The following parts of this chapter comprise a summary of the key research findings 
and how they have addressed the thesis aims (section 7.2), and an outlook for this 
thesis research as applied to practical water treatment (section 7.3). 
7.2 Research Summary 
Mixed-phased, hierarchically porous TiO2 networks (PTN) were successfully 
prepared through the use of sol-gel chemistry and a templating technique, followed by 
calcination. In this research, characterisation techniques including scanning electron 
microscopy (SEM), high resolution transmission electron microscopy (HRTEM), X-
ray diffraction (XRD) and nitrogen gas sorption were utilised. By employing an 
agarose gel template, porous TiO2 networks were created. The resultant TiO2 
materials showed three-dimensional (3D) interconnected macro-/mesoporous 
frameworks. Compared to the control sample with a dense structure, PTN materials 
with large porosity resulted in a decrease in interfacial nucleation of the rutile phase, 
effectively retarding the anatase-to-rutile phase transformation and crystal growth. 
The porous TiO2 photocatalysts possessed controllable rutile contents (from 0 to 100 
wt%), reduced crystal sizes, hierarchically porous structure and relatively high 
specific surface areas up to 71.0 m2 g-1. The photocatalytic activity was investigated 
by the degradation of methylene blue (MB) under UV light radiation. It was 
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concluded that photocatalysis correlated to the anatase : rutile ratio and the specific 
surface areas of the materials. The highest photocatalytic activity was achieved by 
PTN materials with a rutile content of 15.4 % obtained by calcining the materials at 
600 °C for 6 h. 
Micrometre-size, monodisperse precursor TiO2 spheres with controllable diameters 
were investigated by varying experimental parameters including the concentration of 
hexadecylamine (HDA), salt species and concentration, water concentration and the 
reaction temperature. The size of the precursor sphere was determined by a 
competitive process between the solubility of Ti oligomers and the hydrolysis rate of 
titanium isopropoxide (TIP), the TiO2 precursor. The largest spheres with a diameter 
of 5.39 ± 0.68 m were obtained at 50 °C using a reaction molar ratio of TIP:1-
Butanol:HDA:H2O:KCl = 1:83.3:0.375:3:5.5×10
-3. Crystallized mesoporous TiO2 
spheres were obtained by applying a solvothermal treatment to the precursor spheres; 
variable pore sizes ranging from 6.4 to 28.8 nm were obtained by adjusting the 
volume ratio of H2O, ethanol and ammonia. This research led to the following two 
studies based on precursor spheres with a diameter of 2.4 µm. 
TiO2 nanostructures with diverse morphologies of spherical ‘fluffy’ core/shell, 
yolk/shell and hollow nanostructures were fabricated by applying a one-pot 
solvothermal crystallization process to 2.4 µm diameter monodisperse precursor TiO2 
spheres. The solvothermal process was performed at a moderate temperature (160 °C) 
in the presence of a high concentration of ammonia (21.3 wt.%). The morphology was 
controlled by varying the solvothermal treatment time. Results obtained from a 
combination of characterisation techniques, SEM, TEM, XRD and thermogravimetric 
analysis, clearly indicated that the hollowing process started from the outer surface of 
the microspheres. This study demonstrated a surface seeding and subsequent inward 
hollowing through an Ostwald ripening process, which led to the formation of the 
diverse TiO2 nanostructures. The solvothermally treated nanostructures were readily 
converted to anatase while still maintaining their overall morphology during 
calcination. The surface areas of the spherical ‘fluffy’ core/shell, yolk/shell and 
hollow nanostructures calcined at 650 °C were all around 40 m2 g-1, lower than that of 
commercial Evonik (Degussa) P25 TiO2 powder (50 m
2 g-1). The photocatalytic 
activity of the calcined microspheres was investigated by the degradation of MB 
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under UV light illumination. The hollow anatase microspheres displayed a higher 
degradation rate (k = 0.075 min-1) than the P25 standard (k = 0.0673 min-1). The 
superior photocatalytic activity of these anatase hollow structures was attributed to the 
unique hollow structure that enhanced light harvesting, the hierarchically porous 
shells ensured fast mass diffusion, and high crystallinity reduced the recombination of 
photogenerated electrons and holes. 
Monodisperse, dopant-free anatase TiO2 microspheres with high thermal stability 
were prepared via a facile solvothermal treatment of the parent 2.4 µm diameter 
amorphous spheres at a relatively high temperature (220 °C) in the presence of a low 
concentration of ammonia (4.5 wt.%). The solvothermally treated spheres had an 
average diameter of 2.2 µm, and were comprised of well-crystallized and faceted 
anatase nanocrystals with a uniform size of 24 nm. The sphere diameter decreased 
with increased calcination temperature. The resultant materials were wholly anatase 
phase and had a large pore size (77 nm) after calcination treatment at 900 C. Possible 
reasons for the superior thermal stability were investigated. The high temperature 
stability was primarily attributed to an increased Ti-O-Ti bond strength due to well-
developed anatase nanocrystals and a narrow crystal size distribution. The 
photocatalytic performance of the final TiO2 microspheres was evaluated by applying 
them as photocatalysts in the degradation of MB under UV light illumination. 
Microspheres calcined at 800 or 900 C displayed higher photocatalytic performance 
than P25 treated at the same temperatures. The excellent performance of the 
microspheres calcined at these high temperatures was attributed to: 1) the retention of 
anatase phase due to the high thermal stability of the materials, which decreased the 
recombination rate of photogenerated charge carriers; 2) the presence of large pores 
facilitating the fast diffusion of pollutants and maximizing the light harvesting and 
utilization efficiency; 3) the high crystallinity induced by solvothermal treatment and 
subsequent high temperature calcination, which together diminished the 
recombination rate of the photogenerated charge carriers, prolonging the electron 
lifetimes and diffusion lengths, and; 4) a higher surface area that provided more active 
reaction sites.  
In conclusion, TiO2 with diverse nanostructures including hierarchically porous 
networks, ‘fluffy’ core/shell, yolk/shell and hollow spheres, and high temperature 
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stable solid spheres with a large pore size were fabricated by the careful combination 
of sol-gel chemistry directed by agarose gel templating or HDA surfactant, 
solvothermal treatment and calcination processes. The variously prepared 
photocatalyts displayed superior photocatalytic activity under UV light, exceeding the 
photocatalytic activity of the benchmark photocatalyst P25. 
7.3 Outlook and perspectives 
This thesis focused on the synthesis of TiO2 with diverse nanostructures and its 
potential application as a photocatalyst for water treatment. However, there are 
difficulties to utilize TiO2 photocatalysis for the purification of large volumes of water 
for the following four reasons: 1) the photocatalytic reactions take place on the 
surface of the photocatalyst and thus the reactants (i.e. pollutants) must interact with 
the photocatalyst surface; 2) light energy density is primarily low in 3D spaces; 3) 
pure TiO2 can utilize only a very small amount of the UV light contained in natural 
sunlight, and; 4) TiO2 particles must be retrieved from the bulk solution by filtration 
or sedimentation after treatment, therefore, the removal (and potential recycling) of 
the photocatalyst makes the treatment process complex and decreases the economic 
viability of this technology. The above issues could be tackled by immobilizing 
photocatalysts in a reactor by coating particles on the walls of the reactor to allow for 
the continuous use of the catalysts. Alternatively, the TiO2 particles could be 
entrapped within a membrane structure during the membrane fabrication process. In 
this case, the composition of the membrane must be well chosen, because the presence 
of TiO2 may cause severe destruction to the membrane structure owing to the 
membrane and TiO2 being in close physical contact and exposed to both UV light and 
hydroxyl radicals. Building on the high photocatalytic activity of the TiO2 spheres 
achieved in this thesis, the photocatalytic performance could be further enhanced by 
expanding the activity of TiO2 to the visible wavelength region through doping with 
metals, non-metals, or coupling with other semiconductors. For example, a promising 
coupled photocatalyst, mesoporous TiO2-WO3 hybrid microspheres, can be fabricated 
by employing the methods described in this thesis. Ultimately, overcoming the issues 
of the photocatalyst-pollutant interaction, light density, poor utilisation of the solar 
spectrum and photocatalyst recovery or immobilisation will lead to highly efficient 
TiO2 photocatalyst systems being developed for successful water treatment. 
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From both scientific and technological viewpoints, the opportunities and future 
prospects of photocatalysis would include the following areas/aspects: 
1) Exploring and developing novel semiconductor materials with narrow band gap to 
efficiently absorb visible light for effective photocatalysis; excellent chemical- and 
photon-stabilities for practical application; precise control of the morphology and 
components of the photocatalysts to finely-tune both conducting and valence band 
levels; and optimized internal structures (e.g. local structure, defects, interfaces) to 
enhance the diffusion of the photogenerated electron and hole, and therefore to extend 
their lifetimes within the photocatalyst. 
2) Extending the applications of the photocatalysts to emerging fields, such as 
efficient photocatalytic CO2 reduction and conversion for C1/C2 solar fuels, 
purification of indoor air by photocatalytic degradation of volatile organic compounds, 
detoxification of wastewater used for diverse crop disinfection, water treatment of 
hydroponic culture systems, and other applications related to the photo-induced 
hydrophilic conversion on surfaces or at interfaces (e.g. anti-fogging coating, self-
cleaning exterior construction surface materials, economical and smart cooling using 
thin layer water evaporation from hydrophilic construction surfaces). 
3) Developing new synthesis methods and effective strategies to enable the mass 
production of high performance photocatalysts via a low cost and environmental 
friendly procedure. This is a necessary step towards the realization of practical 
applications of diverse photocatalysts. 
It is expected that in the near future, efforts to develop and optimize novel 
photocatalysts would lead to high performance materials that would result in their 
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